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Chapter I 
Introduction  and  Summary 
The  purpose of this  investigation  is  to  develop  a  phenomenological 
understanding  of  the  effects  associated  with  electron  irradiation of a 
capacitor-type  micrometeoroid  detector. A previous  study  under  Contract 
NAS1-3343  which  resulted in the  report  "Theoretical  Analysis of Opera- 
tional  Characteristics of Micrometeoroid  Capacitor  Detector"  dated 
April  1964,  outlined  those  areas  where  detailed  knowledge  concerning 
ambiguous  signal  generation  was  lacking.  This  outline  centered  around 
two  major  aspects of the  problem: (1) charge  storage  in  the  dielectric 
region of the  capacitor  structure,  and (2) spontaneous  discharge  result- 
ing  from  electron  irradiation. 
The  present work has  shown  that  electron  irradiation of capacitor 
type  structures  consisting of polyethylene  terephthalate  films  with  thin 
aluminum  electrodes  results  in  a  trapped  charge  distribution in the 
dielectric  region.  The  decay of the  trapped  irradiation  electrons  has 
been  detected  and  shown  to  be  consistent  with  a  no-retrapping  release 
model  based  upon  a  density of traps  that  is  uniform  with  respect  to 
energy  measured  from  the  conduction  band. A minimum  value of 1.7 X 10 
per  cm  per  ev  has  been  determined  for the trap  density. 
16 
3 
A saturation  effect  for  irradiation  electron  trapping  has  also  been 
noted.  Based upon  the  model  used to describe  the  observations, a value 
of 4.25 X electrons/cm  resulting in a maximum  value of built-in 
electric  field  of 5 X 10 volts/cm has been  inferred.  This is approxi- 
mately an order of magnitude  below  quoted  values  for  the  field  strength 
3 
5 
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o f  t h e  material. The t r a p p e d  c h a r g e  w h i c h  r e s u l t s  i n  t h e  b u i l t - i n  f i e l d  
d e c a y s  t o  1 / 2  t h e  i n i t i a l  v a l u e  a f t e r  c e a s i n g  t h e  i r r a d i a t i o n  i n  a p p r o x i -  
mate ly  48 seconds .  Reproduc ib le  r e su l t s  w i thou t  any  ev idence  o f  
r e s i d u a l  c h a r g i n g  c a n  b e  o b t a i n e d  i f  t h e  d e c a y  o f  t r a p p e d  c h a r g e  i s  
observed for a t  least  1 0   s e c o n d s   a f t e r   e a c h   i r r a d i a t i o n .  3 
I r r a d i a t i o n  o f  t h e  c a p a c i t o r  t y p e  s t r u c t u r e  u s i n g  a be ta  sou rce ,  
Promethium 147, h a s   r e s u l t e d   i n   s p o n t a n e o u s   d i s c h a r g e .  The  average 
v a l u e  of  t h e  d i s c h a r g e  p u l s e  h e i g h t  f o r  668 p u l s e s  was  72 m i l l i v o l t s  
w h i l e  t h e  maximum v a l u e  was 2.7 v o l t s .  The pulse  i s  an  exponen t i a l  
decay from i t s  maximum ampl i tude  as p r e d i c t e d  by t h e o r e t i c a l  c o n s i d e r a -  
t i o n s .   F i n a l l y   t h e   o r i g i n  o f  t h e  breakdown i s  i n v e s t i g a t e d .  All 
o b s e r v a t i o n s  l e a d  t o  t h e  c o n c l u s i o n  t h a t  b r e a k d o w n  i n i t i a t e d  b y  t h e  
e l e c t r i c a l  f i e l d  r e s u l t i n g  f r o m  t h e  t r a p p i n g  o f  i r r a d i a t i o n  e l e c t r o n s  
p r i m a r i l y  o c c u r s  a t  d e f e c t s  i n  t h e  p o l y e t h y l e n e  t e r e p h t h a l a t e  f i l m  a n d  
i n  m o s t  i n s t a n c e s  d o e s  n o t  l i b e r a t e  a l l  t h e  t r a p p e d  c h a r g e .  
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Chapter I1 
Trapp ing  and  Therma l  Re lease  o f  I r r ad ia t ion  E lec t rons  
f rom Polye thylene  Terephtha la te  F i lms  
2 . 1  I n t r o d u c t i o n  
E l e c t r o n  i r r a d i a t i o n  e f f e c t s  i n  s o l i d s  are u s u a l l y  c l a s s i f i e d  i n  
terms o f  ion iz ing  even t s  and  a tomic  d i sp lacemen t s .  Fo r  me ta l s  and  semi -  
c o n d u c t o r s  t h e  i d e n t i t y  o f  t h e  i r r a d i a t i o n  e l e c t r o n s  i s  c h a r a c t e r i z e d  
i n  terms o f  t h e  e n e r g y  g i v e n  up i n  t h e s e  e v e n t s .  However i n  some i n s u l a -  
t o r s  t h e r e  i s  an  added  e f f ec t  due  to  the  t r app ing  o f  t he  the rma l i zed  
i r r a d i a t i o n  e l e c t r o n s  r e s u l t i n g  i n  a n e t   i n t e r n a l   c h a r g e   b u i l d u p .  Under 
c e r t a i n  c o n d i t i o n s  i t  i s  p o s s i b l e  f o r  t h e  c h a r g e  b u i l d u p  t o  i n i t i a t e  a 
spon taneous   d i scha rge .   Th i s   e f f ec t   has   been   no ted   i n   po lye thy lene   t e r e -  
p h t h a l a t e   f i l m s  when i r r a d i a t e d   w i t h  a b e t a   s o u r c e .  It i s  the   purpose  
o f  t h i s  work t o  i d e n t i f y  t h e  t r a p p i n g  o f  i r r a d i a t i o n  e l e c t r o n s  a n d  t o  
c h a r a c t e r i z e  t h e  t h e r m a l  r e l e a s e  f r o m  t r a p s .  
1 
The p r i m a r y  e f f e c t s  d u e  t o  a n y  i r r a d i a t i o n  o f  p o l y e t h y l e n e  t e r e -  
p h t h a l a t e  a r e  i n d u c e d  c h a n g e s  i n  t h e  e l e c t r i c a l  p r o p e r t i e s ,  s t r u c t u r a l  
damage and   chemica l   changes   resu l t ing   in   the   evolu t ion   of   gases .  Some 
o f  t h e s e  e f f e c t s  are  obv ious ly  co r re l a t ed ,  however  these  co r re l a t ions  
a r e  e i t h e r  unknown o r  n o t  well  unders tood  a l though many o f  these changes 
have  been  inves t iga ted  and  are w e l l  documented. 2 ,3 ,4  I n  a n y  a t t e m p t  t o  
unders tand  charge  s torage  and  thermal  release of  e lec t rons  one  must  
ult imately  depend  upon  fundamental  material p r o p e r t i e s .   T h e r e f o r e ,  it 
is  n e c e s s a r y  t o  u n d e r s t a n d  t h e  i r r a d i a t i o n  e f f e c t s  a s s o c i a t e d  w i t h  c h a r g e  
t r a n s p o r t ,  s p a c e  c h a r g e  b u i l d u p  a n d  r e l a t e d  phenomena obse rved  in  va r ious  
materials. 
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Radia t ion  induced  conduc t iv i ty  and  space  cha rge  r eg ions  have  been  
i n v e s t i g a t e d  i n  r e l a t e d  materials. Yahgi' has   found a gannna-ray induced 
conduc t iv i ty   €o r   po lye thy lene   and  polytetrafluoroethylene. The r e l a t i o n -  
ship between induced current  and dose ra te  i s  e x p l a i n e d  i n  terms of  
e l e c t r o n   t r a p p i n g   a n d   r e c o m b i n a t i o n   s t a t i s t i c s .   I n  diamond t h e   i o n i z e d  
e l e c t r o n s  a n d  h o l e s  become t r apped  a t  energy levels w i t h  s u f f i c i e n t  
l i f e t i m e s  a n d  d e n s i t i e s  t o  e s t a b l i s h  a n  a p p r e c i a b l e  s p a c e  c h a r g e .  
Adhern  has  used  a lpha  par t ic le  bombardment o f  diamond t o  e s t a b l i s h  a n  
i n t e r n a l  f i e l d  c o r r e s p o n d i n g  t o  480 v o l t s  p e r  c e n t i m e t e r .  
6,7 
8 
Although the above observat ions are  f o r  i n s u l a t o r s  w i t h  w e l l  
d e f i n e d  c r y s t a l l i n e  r e g i o n s ,  o t h e r  i n s u l a t i n g  materials such as amorphous 
s i l i c a  have   y ie lded  similar r e s u l t s .   P e n s a k   r e p o r t s  on induced  conduc- 
t i v i t y  by e l e c t r o n  bombardment i n  v a r i o u s  i n s u l a t i n g  materials where 
t h e  r e s u l t s  c a n  b e  i n t e r p r e t e d  as i o n i z a t i o n  a n d  a n  i n t e r n a l  s p a c e  
cha rge   bu i ldup   due   t o   t r app ing   o f   t he   cha rge   ca r r i e r s .  The e f f e c t  i s  
shown t o  b e  p r o p o r t i o n a l  t o  t h e  amount  of  energy  absorbed  in  the  insu la-  
t o r  f r o m  t h e  e l e c t r o n  i r r a d i a t i o n .  
9 
Murphy'' h a s  o b s e r v e d  p o l a r i z a t i o n  o f  d i e l e c t r i c s  by e l e c t r o n  
i r r ad ia t ion .   Occas iona l   spon taneous   d i scha rges   have   been   no ted .  The 
observed phenomenon c a n n o t  b e  i n t e r p r e t e d  i n  terms of macroscopic elec- 
t r i c a l  p r o p e r t i e s  s u c h  as volume r e s i s t i v i t y  o r  d i e l e c t r i c  c o n s t a n t  b u t  
seems t o  b e  r e l a t e d  t o  c h a r g e  s t o r a g e  c a p a c i t y  d u e  t o  e x i s t i n g  t raps  
o r  r a d i a t i o n  i n d u c e d  traps w i t h  s u f f i c i e n t  d e n s i t y  a n d  a t  deep  enough 
levels to  pe rmi t  r eg ions  o f  space  cha rge  to  ex i s t  fo r  ex tended  pe r iods  
of time a t  room t e m p e r a t u r e .   P o l y t e t r a f l u o r o e t h y l e n e  was s tudied ,   and  
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the  charge  storage  effect  noted;  however,  definite  conclusions are 
lacking. 
Gross 11912’13 has reported on numerous  irradiation  effects in 
solids.  Borosilicate  glass  and  plexiglass  approximately 1 cm  in  thick- 
ness  were  bombarded  with 2 mev  electrons  and  the  space  charge  distri- 
bution  and  discharge were investigated. In certain  instances  the  space 
charge  was  released  using a pointed  electrode in contact  with  the 
irradiated  sample.  The  high  field  near  the  point  initiated a discharge. 
Charge  release  measurements  using  thermal  activation of the  stored  charge 
were  also  reported. The space  charge  distributions were qualitatively 
described  by  the  irradiation  electrons  located  in a narrow  layer  near 
an effective  range  and a positive  conpensation  charge  located  near  the 
unirradiated  surface. 
The work of Fowler14  provides  the  most  direct  information  about 
the  trapping o f  electrons  in  polyethylene  terephthalate  where  the 
analysis  is  based  upon  the  energy  band  theory  of  solids.  Studying 
x-ray induced  conductivity a2 electron  trap  density  greater  than 1017 
traps/cm3 was determined. Also the  decay  time  for  the  induced  conduc- 
tivity  of  various  materials was measured  and  subsequently  related to
the  thermal  release  of  electrons  from  traps  and  recombination. For 
the  observed  behavior,  Fowler was able to quantitatively  explain  the 
results by  assuming  either a uniform or an exponential  distribution of 
traps  in  depth  measured  by  the  number  per  cubic  centimeter  per  electron 
volt  referenced to the  conduction band. In a rather  broad  classifica- 
tion  the  uniform  distribution  corresponded to the  amorphous  materials 
while  the  exponential  distribution was associated  with  polycrystalline 
- 6 -  
material. It was s u g g e s t e d  t h a t  t h e  e x p o n e n t i a l  d i s t r i b u t i o n  i s  asso-  
c i a t e d  w i t h  t h e  b o u n d a r i e s  b e t w e e n  t h e  c r y s t a l l i n e  r e g i o n s .  
The r e s u l t s  o b t a i n e d  a b o u t  s p a c e  c h a r g e  b u i l d u p  i n  e l e c t r e t - f o r m i n g  
materials must   a l so   be   cons idered .   The  e lec t re t  and p e r s i s t e n t  i n t e r n a l  
p o l a r i z a t i o n  h a v e  r e c e i v e d  e x t e n s i v e  t r e a t m e n t  i n  t h e  l i t e r a t u r e .  
15 , 16 
Murphy; l7 e t  a l .  , h a v e  i n v e s t i g a t e d  t h e  phenomena i n  t h e  p r e s e n c e  o f  
p e n e t r a t i n g   b e t a   r a y s .  A s  a r e s u l t  o f  t h e  i n v e s t i g a t i o n ,  a t e n t a t i v e  
model f o r  t h e  f o r m a t i o n  o f  p e r s i s t e n t  p o l a r i z a t i o n  h a s  b e e n  p r o p o s e d .  
F l o l e c u l a r  i o n i z a t i o n ,  e l e c t r o n  d i f f u s i o n  o v e r  m i c r o s c o p i c  d i s t a n c e s  i n  
a n  a p p l i e d  f i e l d  a n d  f r e e z i n g  o f  t h e  e l e c t r o n s  i n  d e e p  t r a p s  i s  u s e d  t o  
d e s c r i b e  t h e  s e q u e n c e  o f  e v e n t s  y i e l d i n g  t h e  s p a c e  c h a r g e  r e g i o n s .  
A l t h o u g h  t h e  c i t e d  r e f e r e n c e s  a r e  p e r t i n e n t  t o  t h e  d e s c r i p t i o n  of  
e l ec t ron  t r app ing  and  the rma l  release t h e r e  a re  a d d i t i o n a l  f a c t o r s  o f  
i n t e r e s t  t o  t h e  b e h a v i o r  o f  c a p a c i t o r - t y p e  s t r u c t u r e s  i n  a be ta  envi ron-  
m e n t .   T h e   s p a c e   c h a r g e   b u i l d u p   r e s u l t s   i n   a n   i n t e r n a l  e l ec t r i c  f i e l d .  
It h a s  b e e n  n o t e d  t h a t  t h i s  f i e l d  c a n  i n i t i a t e  a spontaneous  d ischarge .  
To o b t a i n  more i n s i g h t  i n t o  t h e  o c c u r r e n c e  o f  t h e  d i s c h a r g e  e v e n t s ,  i t  
i s  n e c e s s a r y  t o  o b t a i n  more d e t a i l e d  i n f o r m a t i o n  a b o u t  t h e  t r a p p i n g  o f  
i r r a d i a t i o n   e l e c t r o n s .   F o r   t h i s   p u r p o s e  a c a p a c i t o r - t y p e   s t r u c t u r e  
shown i n  F i g u r e  2 . 1  h a s  b e e n  i r r a d i a t e d  w i t h  e l e c t r o n s  f r o m  a n  e l e c t r o n  
gun. An e l e c t r o n  beam w i t h  i n s u f f i c i e n t  e n e r g y  t o  p e n e t r a t e  t h e  s t r u c -  
t u r e  was u s e d  t o  i n j e c t  e l e c t r o n s  w h i c h  become thermal ized  and  are  
sub jec t ed  to  the  conduc t ive  mechan i sms  o f  t he  po lye thy lene  t e r eph tha la t e .  
T r a p p i n g  o f  t h e s e  e l e c t r o n s  r e s u l t s  i n  a c h a r g e   b u i l d u p .   I f   t h e   c h a r g e  
b u i l d u p  d o e s  n o t  i n i t i a t e  a spon taneous  d i scha rge ,  t he  decay  o f  t he  
s p a c e  c h a r g e  a f t e r  i r r a d i a t i o n  h a s  c e a s e d  c a n  b e  o b s e r v e d  u n d e r  c e r t a i n  
1 , l O  
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f i l m  
Figure  2 . 1 .  
aluminum 
e l e c t r o d e  _+ 
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cond i t ions .   These   cond i t ions  are e s t a b l i s h e d  by c o n s t r u c t i n g  a model 
f o r  t h e  t r a n s f e r  o f  e x t e r n a l  c h a r g e  d u e  t o  the  space  cha rge  decay  and  
f o r  e l e c t r o n  t r a p p i n g  a n d  t h e r m a l  release. U s i n g  t h i s  model t o  a n a l y z e  
t h e  d a t a  o n e  c a n  i n f e r  t h e  number o f  t r a p s  p e r  c m  , t h e  t r a p  d i s t r i b u -  
t i o n  w i t h  r e s p e c t  t o  t h e  number p e r  cm3 p e r  e l e c t r o n  v o l t  o f  e n e r g y  
below the  conduc t ion  band ,  t he  ha l f - l i f e t ime  o f  t he  t r apped  e l ec t rons ,  
and the dependence of  the s tored charge upon the energy of  the pr imary 
e l e c t r o n s .  
3 
2 . 2  Experimental  
The a p p a r a t u s  u s e d  t o  i n j e c t  e l e c t r o n s  i n t o  t h e  p o l y e t h y l e n e  tere- 
p h t h a l a t e   f i l m s  are shown s c h e m a t i c a l l y   i n   F i g u r e  2 . 2 .  The e l e c t r o n  
source  i s  a hea ted   t ungs t en   f i l amen t .  The e l e c t r o n s  are a c c e l e r a t e d  
through a p o t e n t i a l  s u p p l i e d  by a r e g u l a t e d  d c  s u p p l y .  E l e c t r o s t a t i c  
and magnet ic  focusing are p rov ided  in  the  gun  hous ing  in  con junc t ion  
wi th  a d e f l e c t i o n   s y s t e m .  The i r r a d i a t i o n  chamber i s  a g l a s s   a s sembly  
w i t h  t h r e e  p o r t s .  I n  a d d i t i o n  t o  p r o v i d i n g  a mount f o r  t h e  gun  assembly, 
one  po r t  i s  a t t a c h e d  t o  a n  o i l  d i f f u s i o n  pump a n d  t h e  o t h e r  p o r t  u s e d  
fo r   moun t ing   t he   po lye thy lene   t e r eph tha la t e   f i lms .  The  power  supply 
h a s  a r i p p l e  o f  less than  0.5 p e r c e n t  RMS w i t h  a n  o u t p u t  v o l t a g e  
r e s o l u t i o n  o f  2 p e r c e n t .  The e l e c t r o n  gun  can  be  s t ab i l i zed  ove r  a 
vol tage  range  f rom 10 ,000  vol t s  to  50,000 v o l t s  f o r  c u r r e n t s  i n  t h e  
range  from 1 nanoampere t o  1 mi l l i ampere .  The d iame te r   o f   t he  beam 
can   be   focused   to   one   cen t imeter  a t  t h e  i r r a d i a t e d  s u r f a c e .  P r e s s u r e  
i n  t h e  w o r k i n g  chamber  measured a t  t h e  d i f f u s i o n  pump p o r t  i s  main ta ined  
below t o r r   d u r i n g  a l l  i r r a d i a t i o n s .  
W * 
O i l  Diffusion Pump 
i + 
Filament 
and 
High Voltage 
Power Supply 
High Voltage SUPP 1 Y 
Power supply 
Control Bias Controls  
Elec t ron  Gun 
Focus  and 
Deflect ion 
Controls  
Figure 2 . 2 .  Schematic  Representation o f  Electron Gun Assembly. 
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The samples  are mounted  on  the  f ix ture  shown i n  F i g u r e  2 . 3 .  T h i s  
arrangement was employed a f t e r  i t  was f o u n d  t h a t  i n s u l a t o r s  i n  t h e  
sys t em mus t  be  e l imina ted  to  ob ta in  r ep roduc ib le  r e su l t s  w i th  respect 
t o   c h a r g e   s t o r a g e   i n   p o l y e t h y l e n e   t e r e p h t h a l a t e .  The f i l m s  a r e  h e l d  
i n  p l a c e  by  magnets. The i r r a d i a t e d  e l e c t r o d e  makes e l e c t r i c a l  c o n t a c t  
w i t h  t h e  s t e e l  p l a t e  w h i c h  i s  sys tem ground and  the  contac t  to  the  
back  e l ec t rode  i s  provided by t h e  magnet  which i s  i n  e l e c t r i c a l  c o n t a c t  
through bare  copper  wire wi th  a vacuum feed - th rough  in  the  moun t ing  
p l a t e .  The  aluminum f r o n t  p l a t e  p r o v i d e s  a s h i e l d  a g a i n s t  t h e  e l e c t r o n s  
o u t s i d e  t h e  i r r a d i a t i o n  area a n d  s p e c i f i c a l l y  a t  t h e  sample edges while  
t he  l ead  p rov ides  a t t enua t ion  fo r  any  b remss t r ah lung  c rea t ed  in  the  
aluminum. A s h u t t e r  i s  u s e d  t o  p o s i t i o n  t h e  beam and to  measure  the  
beam c u r r e n t ,  ZnS suspended  in  co l lod ium i s  used as a phosphor   coat ing 
on  the  a luminum shut te r  and  provides  v isua l  a l ignment  and  focus ing .  
To o b t a i n  r e p r o d u c i b l e  areas ove r  the  ene rgy  r ange  o f  i n t e re s t  an  a lumi -  
num f o i l   ( 2 . 5 4  X cm t h i c k )   w i t h  a 1 cen t ime te r   d i ame te r   ho le  w a s  
pos i t i oned   be tween   t he   e l ec t ron  gun  and t h e  s h u t t e r .  The f o i l  i s  
e l e c t r i c a l l y  c o n n e c t e d  t o  t h e  e l e c t r o n  gun so t h a t  a n y  i r r a d i a t i o n  e l e c -  
t rons  s topped  by t h e  f o i l  w i l l  n o t  b e  d e t e c t e d  i n  t h e  m e t e r i n g  c i r c u i t .  
Using a s l i g h t l y  d e f o c u s e d  beam, t h e  c u r r e n t  d e n s i t y  d e t e r m i n e d  by t h e  
phosphor  glow was more un i fo rm than  fo r  a focused beam a lone .  The 
beam c u r r e n t  was measu red  by  ro t a t ing  the  shu t t e r  so t h e  e l e c t r o n  beam 
i s  s t r i k i n g  t h e  aluminum p o r t i o n  o f  t h e  s h u t t e r  a n d  by p a s s i n g  t h e  
c o l l e c t e d  e l e c t r o n s  t h r o u g h  a meter t o  t h e  h i g h  v o l t a g e  power supply.  
In  the  energy  range  f rom 10 k e v  t o  5 0  k e v ,  b a c k s c a t t e r e d  e l e c t r o n s  are 
approximate ly  15  percent  of  the  pr imary  beam c u r r e n t  .18 The secondary 
I 
tube for  
hea t ing  
and 
cool ing 
1 thermis ter  
magnet - 
s h u t t e r  
Figure 2 . 3 .  Fix tu re   fo r  Mounting Sample in   E lec t ron  Gun Assembly. 
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y i e l d  i s  approximate ly  the  same v a l u e .  '9 There fo re ,  t he  cu r ren t  measu red  
by t h i s  t e c h n i q u e  c a n  b e  i n  e r r o r  as much as 30 p e r c e n t  w i t h  r e s p e c t  t o  
t h e  c u r r e n t  a c t u a l l y  s t r i k i n g  t h e  s h u t t e r .  When t h e  s h u t t e r  i s  removed 
t h e  e l e c t r o n  beam i s  inc iden t  on  the  a luminum e lec t rode  o f  t he  t es t  
sample.  The s e c o n d a r y   e l e c t r o n s  from t h e  i r r a d i a t e d  s u r f a c e  w i l l  be  
approximate ly  the  same as f o r  t h e  s h u t t e r ,  h o w e v e r  t h e  b a c k s c a t t e r e d  
e l e c t r o n s  w i l l  depend upon the  th ickness  of  the  a luminum e lec t rode .  
S i n c e  t h e  b a c k s c a t t e r i n g  c o e f f i c i e n t  i s  smaller f o r  aluminum films of 
i n t e r e s t  a p p r o x i m a t e l y  1000 A t h i c k  t h a n  f o r  b u l k  aluminum, t h e  number 
o f  p r imary  e l ec t rons  wh ich  are a b l e  t o  p r o v i d e  s e c o n d a r y  e l e c t r o n s  a t  
the  a luminum-polye thylene  te rephtha la te  boundary  or  which  are  a b l e  t o  
p e n e t r a t e  i n t o  t h e  p o l y e t h y l e n e  t e r e p h t h a l a t e  w i l l  b e  l a r g e r  t h a n  t h e  
va lue   measu red   by   t he   shu t t e r   cu r ren t .  The e r r o r  i n v o l v e d  is  es t ima ted  
to   be   approximate ly  20 p e r c e n t .  F o r  t h e  d a t a  t o  b e  p r e s e n t e d ,  t h i s  e r r o r  
i s  not   important .   Only when one  a t t empt s  to  estimate t h e  e f f i c i e n c y  
fo r  cha rge  s to rage ,  wh ich  i s  t h e  number o f  i r r a d i a t i o n  e l e c t r o n s  t r a p p e d  
w i t h  r e s p e c t  t o  t h e  number o f  p r imary  e l ec t rons ,  w i l l  t h i s  measurement 
n e e d  b e  c o n s i d e r e d  i n  d e t a i l .  
19  
0 
Provis ions  for  cool ing  and  hea t ing  the  sample  were  inc luded .  
However t h e  i n a b i l i t y  t o  p r o v i d e  u n i f o r m  h e a t i n g  o r  c o o l i n g  o f  a sus- 
pended  f i lm  l imi t ed  the  va lue  of  any  da ta  o ther  than  a t  ambient 
tempera ture .  It was e s t i m a t e d  t h a t  v a r i a t i o n s  as much as 30°C could 
exis t  a c r o s s  t h e  s a m p l e  p a r a l l e l  t o  t h e  e l e c t r o d e s .  
The i r r a d i a t e d  s a m p l e s  were prepared from commercial ly  avai lable  
p o l y e t h y l e n e   t e r e p h t h a l a t e . 2 0   F i l m s  6 . 3  x cm th i ck   and  5 cm i n  
diameter  were c leaned  twice i n  a d e t e r g e n t  s o l u t i o n  a n d  r i n s e d  a f t e r  
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each wash i n  d e i o n i z e d  water. Following a wash i n  h y d r o f l . u o r i c  a c i d ,  
and a de ionized  water r i n s e ,  t h e  f i l m s  were s . t o red  in  me thano l  p r io r  
t o  e l e c t r o d e  e v a p o r a t i o n .  A f t e r  p l a c i n g  t h e  f i l m s  i n  t h e  e v a p o r a t o r ,  
and  ou tgass ing  fo r  approx ima te ly  30 minutes,  aluminum electrodes were 
e v a p o r a t e d  t o  t h e  d e s i r e d  t h i c k n e s s .  
A f t e r  e v a p o r a t i n g  t h e  e l e c t r o d e s ,  t h e  s a m p l e  was p l a c e d  i n  t h e  
system as shown i n  F i g u r e  2 . 3 .  The c a p a c i t a n c e  a n d  d i s s i p a t i o n  f a c t o r  
were measured a t  1 kc  wi th  typ ica l  va lues  o f  6 nanofarads and 0.005 
r e s p e c t i v e l y ,  The dc  l eakage  r e s i s t ance  was measured  with  values  
g r e a t e r   t h a n  1OI2 ohms a c c e p t a b l e .  The r e a s o n   f o r   t h i s   r e q u i r e m e n t  
w i l l  become e v i d e n t  a f t e r  d i s c u s s i n g  t h e  d e t e c t i o n  o f  s p a c e  c h a r g e  
decay. 
A s  d i scussed  in  Appendix  A,  asymmetr ical  decay of  the t rapped 
e l e c t r o n s  w i l l  r e s u l t  i n  a t r a n s f e r  o f  c h a r g e  t h r o u g h  a n  e x t e r n a l  c i r -  
c u i t .  The c i r c u i t  u s e d  t o  d e t e c t  t h i s  c h a r g e  i s  shown i n   F i g u r e   2 . 4 .  
The RC n e t w o r k  i n t e g r a t e s  t h e  c u r r e n t  i n  t h e  e x t e r n a l  c i r c u i t  w i t h  a 
time cons tan t   o f .  l o5  seconds.  The v o l t a g e  a c r o s s  t h e  c a p a c i t o r  i s  
measured by a n  e l e c t r o m e t e r  w h o s e  i n p u t  r e s i s t a n c e  i s  a p o r t i o n  o f  t h e  
RC i n t e g r a t o r .  The o u t p u t  o f  t h e  e l e c t r o m e t e r  i s  f e d  i n t o  a s t r i p - c h a r t  
recorder  running  a t  a speed of 2.54 c m  per  minute .  The minimum v o l t a g e  
a c r o s s  C which  can  be  measured i s  1 m i l l i v o l t .  1 
A f t e r  p l a c i n g  t h e  s a m p l e  i n  t h e  i r r a d i a t i o n  chamber ,  an electron 
beam wi th  a c u r r e n t  d e n s i t y  o f  5 x 10  amperes/cm2 was focused   on   the  
s h u t t e r .  The s h u t t e r  was t h e n  o p e n e d  f o r  t h e  d e s i r e d  i r r a d i a t i o n  t i m e .  
The e n e r g y  o f  t h e  e l e c t r o n s  f o r  e a c h  i r r a d i a t i o n  was i n  t h e  r a n g e  f r o m  
10   kev   to  20 kev. Upon t e r m i n a t i n g  t h e  i r r a d i a t i o n ,  t h e  e l e c t r o d e s  o f  
-8 
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the  sample  were s h o r t e d  f o r  a pe r iod  o f  one  minu te .  Th i s  a l lows  any  
t r a n s i e n t s  d u e  t o  t u r n i n g  o f f  t h e  e l e c t r o n  beam t o  decay and provides  
ample  time t o  c o n n e c t  t h e  m e a s u r i n g  c i r c u i t  shown i n  F i g u r e  2.4 a c r o s s  
the  sample.  Due to  the  h igh  impedance  levels encoun te red  in  the  measu re -  
ment i t  was i m p r a c t i c a l  t o  a c h i e v e  t h e  t r a n s i t i o n  from t h e  e l e c t r o n  beam 
measurement to  the t rapped charge decay measurement  with a swi t ch ing  
dev ice .  The t rapped  charge  decay  w a s  observed  from 60 seconds  to  
approximate ly  2400 s e c o n d s   a f t e r   t u r n i n g   o f f   t h e   e l e c t r o n  beam.  The 
t r a n s f e r  o f  e x t e r n a l  c h a r g e  as a f u n c t i o n  o f  time under  these  condi t ions  
i s  shown i n  F i g u r e  2 . 5  f o r  a typ ica l   sample .  From t h i s  d a t a  a l o n e  it 
would  be d i f f i c u l t  t o  i d e n t i f y  t h e  t r a p  d i s t r i b u t i o n .  However one   aspec t  
o f  t h e  e x t e r n a l  c h a r g e  t r a n s f e r  is  qui te   obvious.   Using  range-energy 
d a t a  f o r  water2' which i s  approx ima te ly  the  same as t h a t  f o r  p o l y e t h y l e n e  
t e r e p h t h a l a t e  o n e  r e a d i l y  f i n d s  t h a t  t h e  r a n g e  o f  t h e  p r i m a r y  e l e c t r o n s  
a t  the  energy  which  y ie lds  the  maximum e x t e r n a l  c h a r g e  t r a n s f e r  i s  approxi- 
m a t e l y  o n e - h a l f  t h e  t h i c k n e s s  o f  t h e  p o l y e t h y l e n e  t e r e p h t h a l a t e  f i l m .  
Also t he  ene rgy  a t  w h i c h  t h e  e x t e r n a l  c h a r g e  t r a n s f e r  i s  reduced below 
t h e  s e n s i t i v i t y  of the  measurement  corresponds to  a p r a c t i c a l  r a n g e  
approximate ly   equal  to t he   f i lm   t h i ckness .   Fo r   t he  l a t t e r  o b s e r v a t i o n  
one may conc lude  tha t  w i th in  the  sens i t i v i ty  o f  t he  measu remen t  the  
t rapped-charge  decay is symmetrical .  The s i m p l e s t  t rapped   charge  
d i s t r i b u t i o n  w h i c h  c o u l d  y i e l d  s u c h  a r e s u l t  i s  o n e  t h a t  i s  uniform 
throughout   the   i r rad ia ted   vo lume.   Obvious ly   there  are  o t h e r  d i s t r i -  
bu t ions  which  could  y ie ld  a symmetrical decay;  howver ,  when one  cons ide r s  
t he  t r ansmiss ion  o f  e l ec t rons  in  th i s  ene rgy  r ange  th rough  comparab le  
t h i c k n e s s e s  o f  o t h e r  materials t h e  l i n e a r  d e c r e a s e  i n  t h e  number of  
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e l e c t r o n s   w i t h   d e p t h  i s  a reasonable   assumpt ion .   In   genera l ,   one  22 
f i n d s  a somewhat less t h a n  l i n e a r  d e c r e a s e  n e a r  t h e  i r r a d i a t e d  s u r f a c e .  
The p o s s i b i l i t y  o f  s e c o n d a r i e s  f r o m  t h e  e l e c t r o d e  b e i n g  i n j e c t e d  i n t o  
t h e  p o l y e t h y l e n e  t e r e p h t h a l a t e  c o u l d  i n c r e a s e  t h e  number o f  e l e c t r o n s  
t r a p p e d  n e a r  t h e  i r r a d i a t e d  s u r f a c e  s u c h  t h a t  t h e  o v e r a l l  d i s t r i b u t i o n  
i s  mre uniform than one might  expect  based upon the t ransmission of  
p r imary  e l ec t rons  a lone .  
The c o n t r i b u t i o n  o f  s e c o n d a r y  e l e c t r o n s  f r o m  t h e  i r r a d i a t e d  e l e c -  
t r o d e  t o  t h e  n e t  c h a r g e  d i s t r i b u t i o n  i n  t h e  p o l y e t h y l e n e  t e r e p h t h a l a t e  
f i l m  was f u r t h e r  i d e n t i f i e d  by t h e  r e s u l t s  shown i n  F i g u r e  2 . 6 .  A 
sample  was p r e p a r e d  i n  t h e  u s u a l  manner w i t h  500 A e lec t rodes  and  
0 
i r r a d i a t e d  w i t h  16   kev   e lec t rons .  The beam c u r r e n t  d e n s i t y  w a s  
5 x amperes/cm . After   observ ing   the   t rapped   charge   decay   the  
i r r a d i a t e d  e l e c t r o d e  t h i c k n e s s  was i n c r e a s e d  t o  1000 A ,  2000 A ,  5000 A, 
7000 A ,  and 10,000 A and  the  sample  i r r ad ia t ed  wi th  16  kev  e lec t rons  
and a beam c u r r e n t   d e n s i t y   o f  5 x 10 ampere/cm2 a t  each   th ickness .  
2 
0 0 0 
0 0 
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The  measurement was r e p e a t e d  a t  e a c h  t h i c k n e s s  a n d  t h e  r e p r o d u c i b i l i t y  
was w e l l  w i t h i n  t h e  s e n s i t i v i t y  o f  t h e  m e a s u r i n g  t e c h n i q u e .  The r e s u l t s  
i n d i c a t e  t h a t  w h i l e  t h e  number of  primaries e n t e r i n g  t h e  p o l y e t h y l e n e  
t e r e p h t h a l a t e  i s  dec reas ing  due  to  the  inc reased  aluminum e l e c t r o d e  
t h i c k n e s s ,  t h e  t r a n s f e r  o f  e x t e r n a l  c h a r g e  i n i t i a l l y  i n c r e a s e s  a n d  
s u b s e q u e n t l y   d e c r e a s e s   w i t h   i n c r e a s i n g   e l e c t r o d e   t h i c k n e s s .  This 
i n i t i a l  i n c r e a s e  c a n  b e  e x p l a i n e d  i n  terms of  the  secondary  y ie ld  f rom 
t h e  e x i t  s i d e  o f  t h e  i r r a d i a t e d  aluminum e l e c t r o d e .  This secondary 
y i e l d  h a s  b e e n  c o r r e l a t e d  w i t h  t h e  e n e r g y  d i s s i p a t i o n  d e n s i t y  a t  t h e  
e x i t   s u r f a c e .   F o r   e l e c t r o n s   i n   t h e   n e r g y   r a n g e   o f   i n t e r e s t   h e  
- 18- 
Primary Electron Energy 16 Kev 
I r r a d i a t i o n  B e a m  Current  Densi ty  
5 x 10-8 amp/cm2 
I r r a d i a t i o n  Time 3 min 
4 -  
2- 
4 8 1 2   1 6  20 
Charge (LO-’ coulomb) 
F igure  2 . 6 .  Externa l   Charge   Transfer  as a Funct ion o f  Time f o r   I r r a d i a t e d  
Aluminum Elec t rode   Thickness   Ind ica ted ,  
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e n e r g y  d i s s i p a t i o n  f u n c t i o n  i n  aluminum h a s  a maximum a t  approximate ly  
o n e - f o u r t h  t h e  p r a c t i c a l  r a n g e  o f  t h e  p r i m a r y  e l e c t r o n . 2 3  F o r  a 16 kev 
e l e c t r o n  i n  aluminum t h i s  maximum o c c u r s  a t  approximate ly  7000 A .  The 
inc reased  secondary  y i e ld  i s  a t  the  expense  of t h e  number of primary 
e l e c t r o n s  t r a n s m i t t e d  t h r o u g h  t h e  aluminum e l e c t r o d e ;  t h e r e f o r e ,  t h e  
e l ec t rode  th i ckness  wh ich  w i l l  y i e l d  t h e  maximum number o f  e l e c t r o n s  
i n j e c t e d  i n t o  t h e  p o l y e t h y l e n e  t e r e p h t h a l a t e  w i l l  b e  l e s s  t h a n  o r  e q u a l  
t o  7000 1 depending  upon the  ra te  o f  i n c r e a s e  i n  t h e  number o f  s econdar i e s  
a n d  t h e  r a t e  o f  d e c r e a s e  o f  t h e  number o f  p r i m a r i e s  w i t h  i n c r e a s i n g  
e l e c t r o d e   t h i c k n e s s .   O t h e r   f a c t o r s   w h i c h   c a n   a f f e c t   t h e   n e t   c h a r g e  
d i s t r i b u t i o n  are t h e  s e c o n d a r y  e l e c t r o n  y i e l d  f r o m  t h e  i r r a d i a t e d  p o l y -  
e t h y l e n e  a n d  t h e  d i f f u s e d  e n e r g y  s p e c t r a  o f  t h e  e l e c t r o n  beam t r a n s m i t t e d  
th rough   t he   e l ec t rode .   These   e f f ec t s   wou ld   dec rease   t he   ex te rna l   cha rge  
t r a n s f e r   w i t h   i n c r e a s i n g   e l e c t r o d e   t h i c k n e s s .   T h e r e f o r e ,   t h e   r e s u l t s  
o f  FiguGe 2.6 are  c o n s i s t e n t  w i t h  t h e  e x p e c t e d  b e h a v i o r  when one con- 
s i d e r s  t h e  n e t  c h a r g e  i n  t h e  p o l y e t h y l e n e  t e r e p h t h a l a t e  due to  p r imary  
and  secondary  e lec t rons .  
0 
The dependence  of  the  ex terna l  charge  t ransfer  on  the  energy  of  the  
p r i m a r y  e l e c t r o n  i n  F i g u r e  2 . 5  can now b e  i n t e r p r e t e d  i n  terms o f  t h e  
p r a c t i c a l  r a n g e  c o r r e s p o n d i n g  t o  t h e  v a r i o u s  e n e r g i e s  a n d  t h e  c h a n g e  i n  
t h e  number o f  p r imary  and  secondary  e l ec t rons  in j ec t ed  in to  the  po ly -  
e t h y l e n e   t e r e p h t h a l a t e .  To ind ica t e   t h i s   dependency   cons ide r   t he   ne t  
c h a r g e  d i s t r i b u t i o n  t o  b e  u n i f o r m  f r o m  t h e  i r r a d i a t e d  s u r f a c e  t o  t h e  
p rac t i ca l   r ange .   Fu r the rmore ,   fo r   p r imary   e l ec t ron   ene rg ie s  less than  
t h e  e n e r g y  c o r r e s p o n d i n g  t o  t h e  maximum t r a n s f e r  o f  e x t e r n a l  c h a r g e ,  
assume that  a l l  t h e  e l e c t r o n s  t h e r m a l l y  r e l e a s e d  f r o m  t r a p s  arrive a t  
I L  
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t h e  i r r a d i a t e d  e l e c t r o d e  w i t h o u t  b e i n g  r e t r a p p e d .  U n d e r  t h e s e  c o n d i -  
t i o n s ,  E q u a t i o n  ( A . 1 3 )  can  be  used  to  re la te  t h e  l i m i t i n g  v a l u e  o f  t h e  
e x t e r n a l  c h a r g e  t r a n s f e r .  S i n c e  a l l  t h e  s u r f a c e  c h a r g e  o n  t h e  u n i r r a d i -  
a t e d  e l e c t r o d e  m u s t  b e  t r a n s f e r r e d  t h r o u g h  t h e  e x t e r n a l  c i r c u i t ,  
where v i s  t h e   i r r a d i a t e d  volume  and d c o r r e s p o n d s   t o   t h e   p r a c t i c a l  
r a n g e   o f   t h e   p r i m a r y   e l e c t r o n s .  The  product G v  r e p r e s e n t s   t h e   n e t  
charge  which i s  a f u n c t i o n  o f  t h e  p r i m a r y  e l e c t r o n  r a n g e .  It i s  n o t  
p o s s i b l e  f o r  t h e  p r e s e n t  a n a l y s i s  t o  a p p l y  E q u a t i o n  ( 2 . 1 )  t o  t h e  r e s u l t s  
i n  F i g u r e  2 . 6 .  The  main d i f f i c u l t y  i s  wi th   t he   p roduc t  ;I v and i t s  
r e l a t i o n s h i p  t o  t h e  p r i m a r y  e l e c t r o n  e n e r g y .  A q u a l i t a t i v e  d e s c r i p t i o n  
has been given which i s  c o n s i s t e n t  w i t h  t h e  r e s u l t s ,  h o w e v e r ,  a d e t a i l e d  
a n a l y s i s  w i l l  no t  be  a t t empted .  Ano the r  d i f f i cu l ty  a s soc ia t ed  wi th  Equa- 
t i o n  ( 2 . 1 )  i s  the  a s sumpt ion  tha t  a l l  e l e c t r o n s  t h e r m a l l y  r e l e a s e d  from 
t r a p s  a r r i v e  a t  t h e  i r r a d i a t e d  e l e c t r o d e  w i t h o u t  b e i n g  r e t r a p p e d .  S i n c e  
the  t r apped  cha rge  d i s t r ibu t ion  ex tends  th rough  approx ima te ly  one -ha l f  
t h e  t h i c k n e s s  o f  t h e  p o l y e t h y l e n e  t e r e p h t h a l a t e  f o r  t h e  maximum e x t e r n a l  
c h a r g e  t r a n s f e r ,  some o f  t h e  t h e r m a l l y  r e l e a s e d  e l e c t r o n s  s h o u l d  r e a c h  
the   un i r r ad ia t ed   e l ec t rode .   The re fo re ,   any   ana lys i s   wh ich   equa te s   t he  
maximum v a l u e  o f  e x t e r n a l  c h a r g e  t r a n s f e r  t o  t h e  s u r f a c e  c h a r g e  o n  t h e  
u n i r r a d i a t e d  e l e c t r o d e  w i l l  p r e d i c t  a minimum value  of  t rapped  charge .  
1 1 
1 
t 1  
Ex te rna l  cha rge  t r ans fe r  du r ing  the  the rma l  r e l ease  o f  t r apped  
e l e c t r o n s  c a n  b e  u s e d  t o  o b t a i n  q u a n t i t a t i v e  i n f o r m a t i o n  i f  o n e  r e s t r i c t s  
t h e  o b s e r v a t i o n s  t o  a s ing le  ene rgy  the reby  keep ing  the  i r r ad ia t ed  vo lume  
a n d   p r a c t i c a l   r a n g e   c o n s t a n t ,   I n   t h i s   m a n n e r ,   t h e  number o f   t r apped  
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e l e c t r o n s  w i t h i n  a g i v e n  i r r a d i a t e d  volume can be var ied using a series 
o f  i r r a d i a t i o n  times a t  a f i x e d  beam c u r r e n t .  The  same r e s u l t  c o u l d  
i n  g e n e r a l  b e  o b t a i n e d  by k e e p i n g  t h e  i r r a d i a t i o n  time f ixed  and  va ry ing  
t h e  beam c u r r e n t .  However f o r  t h e  p r e s e n t  work t h e  p o s s i b i l i t y  o f  a 
s a t u r a t i o n  e f f e c t  f o r  t h e  t r a p p i n g  a n d  t h e r m a l  release o f  i r r a d i a t i o n  
e l e c t r o n s  made the  former  approach more a t t r a c t i v e .  The p r i m a r y  e l e c t r o n  
energy was 14 kev  with a beam c u r r e n t  d e n s i t y  of 5 x 10 ampere/cm . -8 2 
I r r a d i a t i o n  time was va r i ed  f rom 30 seconds  to  30 minu tes  and  the  r e su l t s  
a r e  shown i n  F i g u r e  2 . 7 .  
U s i n g  t h e  a n a l y s i s  of  the  uni form t r a p  dens i ty  wi th  energy  measured  
from the  conduc t ion  l eve l s  a s  desc r ibed  in  Append ix  B and assuming that  
t h e  most l i k e l y  o c c u r r e n c e  i n v o l v i n g  t h e  e l e c t r o n s  t h e r m a l l y  r e l e a s e d  
from t raps i s  d r i f t  t o  a n  e l e c t r o d e  r e s u l t i n g  i n  p a r t i a l  n e u t r a l i z a t i o n  
of  the  space  charge ,  a minimum v a l u e  f o r  t h e  number o f  t r apped  e l ec t rons ,  
f o r  t h e  t r a p  d e n s i t y  a n d  f o r  t h e  h a l f - l i f e t i m e  i n  t r a p s  c a n  b e  d e t e r m i n e d .  
This e x p l i c i t l y  assumes tha t  r ecombina t ion  invo lv ing  ion ized  ho le -e l ec t ron  
pa i r s  and  r e t r app ing  in  the  space  cha rge  r eg ion  a re  second  o rde r  e f f ec t s  
dur ing   the   space   charge   decay .  From t h e  work of  Fowler,   one  suspects 
t ha t   r ecombina t ion  i s  less l i k e l y   t h a n   r e t r a p p i n g .   T h e r e f o r e ,  a necessary  
c o n d i t i o n  for t he  s t a t ed  a s sumpt ions  to  be  r easonab le  i s  t h a t  t h e  mean 
r a n g e  t r a v e l e d  t o w a r d  t h e  i r r a d i a t e d  e l e c t r o d e  by a the rma l ly  r e l eased  
e l e c t r o n  b e  c o m p a r a b l e  t o  t h e  p r a c t i c a l  r a n g e  o f  t h e  p r i m a r y  i r r a d i a t i o n  
e l e c t r o n s .   T h i s   r e s u l t s   i n   t h e   x p r e s s i o n  IEl TV - 10- cm where l E l m a x  
i s  t h e  maximum v a l u e  o f  t h e  i n t e r n a l  f i e l d ,  T i s  t h e  l i f e t i m e  o f  t h e  f r e e  
14 
4 
max 
c a r r i e r  when mul t ip le  t rapping  occurs  and  v i s  t h e  d r i f t  m o b i l i t y  o f  t h e  
c a r r i e r .  The v a l u e  o f  1 Elmax i s  u s e d  t o  o b t a i n  t h e  o r d e r  o f  m a g n i t u d e  
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I r r a d i a t e d  E l e c t r o d e  T h i c k n e s s  
6 . 3  x c m  
I r r a d i a t i o n  B e a m  Curren t  Dens i ty  
5 X 10-8 amp/cm 2 
Primary Electron Energy 14 Kev 
Temperature 27 " C  
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F igu re  2 . 7 .  Externa l   Charge   Transfer  as a Funct ion of  Time f o r   t h e   I n d i c a t e d  
I r r a d i a t i o n  P e r i o d .  
- 23- 
I 
f o r  t h e  i n t e r n a l  f i e l d  t h r o u g h o u t  most  of  the  space  charge  reg ion .  From 
t h e  p r e s e n t  work i t  will n o t  b e  p o s s i b l e  t o  s u b s t a n t i a t e  t h i s  e x p r e s s i o n ,  
however the  phenomenologica l  descr ip t ions  in  Appendix  B der ived from 
the  s imple  no - re t r app ing  model are a d e q u a t e  t o  e x p l a i n  t h e  o b s e r v a t i o n s  
i n  F i g u r e  2 . 7 .  From F i g u r e  2.7 t h e  s a t u r a t i o n  e f f e c t  i s  deduced  from 
t h e  manner i n  wh ich  the  r e l eased  cha rge  as a f u n c t i o n  o f  time approaches 
t h e  l i m i t i n g  s o l u t i o n  i n  F i g u r e  B-2. A s  t h e  i r r a d i a t i o n  time i s  
i n c r e a s e d ,  t h e r e  i s  n o t  a c o r r e s p o n d i n g  i n c r e a s e  i n  t h e  e x t e r n a l  c h a r g e  
t r a n s f e r ,  From dark  conduct iv i ty  measurements  an  average  va lue  for  the  
equ i l ib r ium  Fe rmi - l eve l   o f  E - 0.9 ev has  been  determined.  There.fore 
t h e  y - > lo4 c u r v e   i n   F i g u r e  B-2 and Equat ion (B. 13) can  be  used  to  
approximate the number of t r a p p e d  e l e c t r o n s  p e r  cm3 a t  t = 0 where 
fo  
9 (0) 2 0.23 - . B 
kTC 
The   va lue   o f  - c a n  b e  o b t a i n e d  f r o m  t h e  s l o p e  o f  t h e  l i m i t i n g  s o l u t i o n  
i n  F i g u r e  2 . 7 .  C o n s i d e r i n g  E q u a t i o n  (B .21) 
kTC 
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To re late  t h e  minimum number.of 
e x t e r n a l  c h a r g e  t r a n s f e r  f o r  14 
can  be  used  where  dl 2: and v d 1 
e l e c t r o n s  i n  t r a p s  t o  t h e  m e a s u r e d  
kev  pr imary  e lec t rons ,  Equat ion  (2 .1)  
= A d  d c m  . There fo re  3 1 1 -  1 
S c a l i n g  t h e  r e s u l t s  i n  F i g u r e  2 . 7  t o  r e f l e c t  t h e  asymmetry considerat ions 
o f   Equa t ion   (2 .4 )   y i e lds  - - 1.7 x p e r  c m  p e r   e l e c t r o n   v o l t .  3 
kTC 
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T h e r e f o r e ,  t h e  minimum v a l u e  o f  t r a p p e d  e l e c t r o n  d e n s i t y  f o r  t h e  limit- 
i n g   v a l u e  i s  4.25 x e lec t rons / cm . 3 
For  the  a s sumpt ion  o f  un i fo rm ne t  cha rge  dens i ty  f rom the  i r r ad ia t ed  
s u r f a c e  t o  t h e  p r a c t i c a l  r a n g e  o f  t h e  p r i m a r y  e l e c t r o n s  ( d  ), Equat ion  
( 2 . 4 )  can  be  used  in  coa junc t io9  wi th  Po i s son ' s  equa t ion  to  ob ta in  a 
1 
lower l i m i t  f o r  t h e  i n t e r n a l  e l e c t r i c  f i e l d  a t  t h e  i r r a d i a t e d  s u r f a c e  
o f   t h e   p o l y e t h y l e n e   t e r e p h t h a l a t e   f i l m .   U s i n g   t h e   v a l u e s  d = 3 X 10- cm, 4 1 
-4 - 19 (max) 2 20 X 10- coulombs, d = 6 X 10 cm, q = 1.6 x 10 coulomb, 9 Qext 
E = 2.83 x fa rad /cm  in   Equat ion  ( A . l l )  y i e l d s  IE lx=o  = 1.9 x 10 
vol ts /cm.   Furthermore i f  one  assums  that  9 = n t ,  t h e  i n t e r n a l  e l e c t r i c  
f i e l d  a t  t = 0 f o r  t h e  l i m i t i n g  v a l u e  i n  F i g u r e  2.7 i s  
IE(x = 0, t = 0)I = 5 x lo5 volt/cm. It has  been  poss ib l e  to  ga in  some 
c o n f i d e n c e  i n  t h e s e  v a l u e s  o f  i n t e r n a l  e l e c t r i c  f i e l d  u s i n g  a n  a p p l i e d  
5 
- 
v o l t a g e  a n d  o b s e r v i n g  t h e  c u r r e n t  f l o w  b e f o r e  i r r a d i a t i o n ,  d u r i n g  
i r r a d i a t i o n  a n d  a f t e r  i r r a d i a t i o n .  W i t h  no b i a s  a p p l i e d ,  t h e  c u r r e n t  
f l o w  a f t e r  i r r a d i a t i o n  h a s  c e a s e d  i s  i n  a d i r e c t i o n  s u c h  t h a t  t h e  
i r r a d i a t e d  e l e c t r o d e  i s  n e g a t i v e  w i t h  r e s p e c t  t o  t h e  u n i r r a d i a t e d  elec- 
t r o d e .  An e x t e r n a l  d c  b i a s  was a p p l i e d  t o  t h e  p o l y e t h y l e n e  t e r e p h t h a l a t e  
c a p a c i t o r  i n  a manner to  oppose  the  cu r ren t  f l ow due  to  space charge  
decay. A t  v a r i o u s  b i a s  levels, t h e  c a p a c i t o r  was i r r a d i a t e d  w i t h  14 kev 
e l e c t r o n s   f o r  15 minutes a t  a c u r r e n t   d e n s i t y   o f  5 X 10 amps/cm . For -8  2 
a b i a s  less t h a n  350 v o l t s  t h e  c u r r e n t  f l o w  i m m e d i a t e l y  a f t e r  i r r a d i a t i o n  
ceased  was i n  t h e  d i r e c t i o n  c o n s i s t e n t  w i t h  s p a c e  c h a r g e  d e c a y  t o  t h e  
i r r a d i a t e d   e l e c t r o d e   f o r   z e r o   b i a s .   A f t e r   a p p r o x i m a t e l y  10 seconds 3 
t he  cu r ren t  f l ow w a s  i n  a d i r e c t i o n  c o n s i s t e n t  w i t h  t h e  a p p l i e d  dc b i a s .  
However f o r  a b i a s  g r e a t e r  t h a n  350 v o l t s  t h e  c u r r e n t  f l o w  was i n  t h e  
I 
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d i rec t ion  de te rmined  by t h e  a p p l i e d  b i a s .  F o r  t h e  6 X lom4 c m  poly- 
e t h y l e n e  t e r e p h t h a l a t e  t h e  a p p l i e d  e lec t r ic  f i e l d  n e c e s s a r y  t o  o v e r c o m e  
t h e  s p a c e  c h a r g e  e f f e c t  i s  approximately  5 .6  x 1 0  v o l t s / c m  f o r  t h e  
1 5  m i n u t e  i r r a d i a t i o n .  
5 
One f u r t h e r  a s p e c t  o f  t h e  t h e r m a l  release of t r a p p e d  e l e c t r o n s  
. f o r  h a l f  
i m i  t ing  
can  be  ob ta ined  f rom th i s  ana lys i s .  The  minimum time requ i r ed  
t h e  t r a p p e d  e l e c t r o n s  t o  b e  r e l e a s e d  c a n  b e  o b t a i n e d  f o r  t h e  1 
v a l u e  i n  F i g u r e  2 . 7  using  Equations  (B.14)  and (B.20)  where 
nt  (x, 0 )  B 
2 - 2kTc 
"[Efo - E f n ( x ) ]  = Bm[-0.5 - i n  m ]  . 
U s i n g  t h e  v a l u e s  o b t a i n e d  i n  t h e  p r e s e n t  a n a l y s i s  y i e l d s  a va lue  of  48 
seconds.  It was found  during  the  course of  these   expe r imen t s   t ha t   t he  
r e p r o d u c i b i l i t y  f o r  a given sample was w i t h i n  t h e  s e n s i t i v i t y  o f  t h e  
measurement i f  c h a r g e  r e l e a s e  was obse rved  fo r  a t i m e  i n  excess  o f  10  
seconds .   S ince   res idua l   charg ing   e f fec ts   which   would   e f fec t   the   repro-  
d u c i b i l i t y  w e r e  n o t  n o t e d ,  t h i s  v a l u e  o f  h a l f - l i f e t i m e  seems reasonable .  
It i s  a l so  wor th  no t ing  tha t  t he  uppe r  l i m i t  f o r  a p p l i c a t i o n  o f  E q u a t i o n  
(B .20) where t < - was c a l c u l a t e d  t o  b e  1.1 x lo3 seconds. Although 
t h e  u p t u r n i n g  c h a r a c t e r i s t i c s  i n  F i g u r e  2.7 have been added through 
t h e o r e t i c a l  c o n s i d e r a t i o n s ,  t h i s  b e h a v i o r  h a s  b e e n  o b s e r v e d  f o r  times 
i n   e x c e s s   o f  5 X 10  seconds.  However f o r   i n t e g r a t i o n   t i m e s   a p p r o a c h i n g  
10   seconds   the   e r ror   involved  i s  c o m p a r a b l e   t o   t h e   d e v i a t i o n   r e s u l t i n g  
i n  t h e  u p t u r n i n g  p o r t i o n  o f  t h e  c u r v e .  
3 
-sa 
3 
4 
2 . 3  Discuss ion  
T r a p p i n g  o f  i r r a d i a t i o n  e l e c t r o n s  i n  p o l y e t h y l e n e  t e r e p h t h a l a t e  
f i lms  has  been  inves t iga t ed  and  r e su l t s  ob ta ined  wh ich  are c o n s i s t e n t  
L 
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w i t h  a s imple  no - re t r app ing  the rma l  release model. A l i m i t i n g  v a l u e  
f o r  i r r a d i a t i o n  e l e c t r o n  t r a p p i n g  h a s  b e e n  i d e n t i f i e d .  The t r a p  d e n s i t y  
as a func t ion  o f  ene rgy  was found t o  b e  u n i f o r m l y  d i s t r i b u t e d  w i t h  a 
va lue   o f   1 .5  x 10 cm . T h i s  i s  i n   c o n t r a s t   t o   F o w l e r ' s  work14  where 
t h e   d i s t r i b u t i o n  w a s  e x p o n e n t i a l   w i t h  a d e n s i t y   o f   1 0  c m  . The 
r e s u l t s  o f  t h e  p r e s e n t  work  cannot  provide  de ta i led  informat ion  about  
t h i s  d i f f e r e n c e  however t h e r e  a r e  c e r t a i n  a s p e c t s  w h i c h  o f f e r  a n  e x p l a n a -  
t ion .   Fowler   conc ludes   tha t  10 c m  t r a p   d e n s i t y   a p p e a r s   t o o   l a r g e  20 - 3  
and  chooses  the  va lue  wh ich  r ep resen ted  the  ex ten t  t o  wh ich  the  t r aps  
were f i l l e d  by i o n i z i n g  r a d i a t i o n .  The  more r e l i a b l e  v a l u e  was quoted 
as 10 c m  . This   compares   more  favorably  with  the  present   work.   Also,  
one  mus t  r ecogn ize  tha t  t he  quas i -Fe rmi  level  f o r  t h e  l i m i t i n g  v a l u e  
o f  i r r a d i a t i o n  e l e c t r o n  t r a p p i n g  was only 0.23 ev f rom the  equ i l ib r ium 
Fermi level w h i l e  t h e  i n d u c e d  c o n d u c t i v i t y  r e s u l t e d  i n  0.3 t o  0.5 ev 
excur s ion   o f   t he   quas i   Fe rmi  level.  Therefore   one   might   a rgue   tha t  
o v e r  t h e  r e g i o n  o f  i n t e r e s t  t h e  t r a p  d e n s i t y  i s  more uniform than for  
t hose   where   t he   t r aps  are  f i l l e d   c l o s e r   t o   t h e   c o n d u c t i o n   b a n d .   I n  
f a c t ,  F o w l e r  h i n t s  t o  o b s e r v a t i o n s  w h i c h  i n d i c a t e  t h a t  t h e  d e e p e r  t r a p s  
a re  r e l a t i v e l y  more  numerous than  expec ted  f rom the  exponen t i a l  d i s t r i -  
b u t   i o n .  
16 -3 
20 -3 
17 - 3  
The r e p r o d u c i b i l i t y  f o r  t h e  m e a s u r e m e n t  o f  t r a p p e d  i r r a d i a t i o n  
e l e c t r o n  d e c a y  p r o v i d e s  a d d i t i o n a l  i n f o r m a t i o n  a b o u t  two a s p e c t s  o f  t h e  
p r e s e n t  w o r k .  I n  g e n e r a l  t h e  r e p r o d u c i b i l i t y  o f  t h e  l i m i t i n g  v a l u e  f o r  
thermal  release o f  t r a p p e d  i r r a d i a t i o n  e l e c t r o n s  from  sample  to  sample 
was   poor .   However ,   the   resu l t s   for   each   sample  were q u a l i t a t i v e l y  con- 
s i s t e n t   w i t h   t h o s e   p r e s e n t e d   f o r  a typ ica l   s ample .  The r e p r o d u c i b i l i t y  
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o f  t h e  c h a r g e  release measuremen t  fo r  r epea ted  i r r ad ia t ions  o f  a g iven  
s a m p l e  depended upon the number of  times t h e  p a r t i c u l a r  sample  had been 
i r r a d i a t e d .  F o r  t h e  i n i t i a l  i r r a d i a t i o n s  o n  a newly  prepared sample ,  
charge release measurements  were no t  cons i s t en t  w i th  the  measu remen t s  
o b t a i n e d  f rom  subsequen t   i r r ad ia t ions .  However, a f t e r  t h e  i n i t i a l  
i r r a d i a t i o n s ,  t h e  r e p r o d u c i b i l i t y  o f  t h e  c h a r g e  r e l e a s e  m e a s u r e m e n t s  
were w i t h i n  t h e  s e n s i t i v i t y  o f  t h e  m e a s u r i n g  t e c h n i q u e .  This dependence 
s u g g e s t s  t h a t  t h e  t r a p p i n g  s i tes  a r e  r a d i a t i o n  i d u c e d .  From t h e  p r e -  
s e n t  work i t  i s  n o t  p o s s i b l e  t o  s u b s t a n t i a t e  t h i s  c o n c e p t .  The 
r e p r o d u c i b i l i t y  o f  t r a p p e d  i r r a d i a t i o n  e l e c t r o n  d e c a y  a l s o  s u g g e s t s  
t h a t  t h e  r e s i d u a l  c h a r g e  b u i l d u p  is  n e g l i g i b l e  f o r  t h e  p r e s e n t  w o r k .  
The ha l f - l i f e t ime  o f  t r apped  cha rge  and  the  dev ia t ion  toward  a l i m i t i n g  
v a l u e   i n   F i g u r e  B - 2  a r e   c o n s i s t e n t   w i t h   t h i s   o b s e r v a t i o n .  Under  con- 
t i n u o u s  i r r a d i a t i o n  t h e r e  a p p e a r s  t o  b e  a l i m i t i n g  v a l u e  o f  t r a p p e d  
charge as shown  by t h e  r e s u l t s  i n  F i g u . r e  2 . 7 .  
Ano the r  a spec t  o f  t he  p re sen t  work  which  requi res  addi t iona l  com- 
ment i s  the  asymmetry  cons idera t ions  deve loped  in  Appendix  A which are 
u s e d  t o  o b t a i n  q u a n t i t a t i v e  i n f o r m a t i o n  f r o m  t h e  c h a r g e  release measure- 
men t s .   A l though   one   can   ce r t a in ly   a rgue   t ha t   t he   a s sumpt ion   o f   t o t a l  
charge release t o  t h e  i r r a d i a t e d  e l e c t r o d e  i s  n o t  r e a l i s t i c ,  it i s  
o b v i o u s  t h a t  t h i s  c o n c e p t  w i l l  p r e d i c t  minimum va lues  fo r  t he  mode l .  
I n  c e r t a i n  i n s t a n c e s  t h e s e  minimum values  can  be  used  as an approximation 
t o  t h e  a c t u a l  v a l u e s .  One in s t ance  where  th i s  approx ima t ion  seems rea- 
s o n a b l e  r e q u i r e s  t h a t  (1) t h e  practical  r a n g e  o f  t h e  p r i m a r y  i r r a d i a t i o n  
e l e c t r o n s  i s  o n l y  a small f r a c t i o n   o f   t h e   s a m p l e   t h i c k n e s s ,  (2) t h e  
p r o b a b i l i t y  o f  t h e r m a l l y  r e l e a s e d  e l e c t r o n s  i n  t h e  s p a c e  c h a r g e  r e g i o n  
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e x t e n d i n g  f r o m  t h e  z e r o  f i e l d  p o i n t  t o  t h e  i r r a d i a t e d  s u r f a c e  r e a c h i n g  
t h e  i r r a d i a t e d  e l e c t r o d e  w i t h o u t  b e i n g  r e t r a p p e d  i s  much g r e a t e r  t h a n  
t h e  p r o b a b i l i t y  o f  t h e  t h e r m a l l y  r e l e a s e d  e l e c t r o n s  i n  t h e  s p a c e  c h a r g e  
r e g i o n  e x t e n d i n g  f r o m  t h e  z e r o  f i e l d  p o i n t  t o  t h e  p r a c t i c a l  r a n g e  r e a c h -  
i n g  t h e  u n i r r a d i a t e d  e l e c t r o d e  w i t h o u t  b e i n g  r e t r a p p e d .  F o r  t h o s e  c a s e s  
w h e r e  t h e  p r a c t i c a l  r a n g e  o f  t h e  i r r a d i a t i o n  e l e c t r o n s  i s  comparable 
t o  t h e  t h i c k n e s s  o f  t h e  s a m p l e s ,  a d i f f e r e n c e  i n  t h e  t r a p p i n g  c r o s s  
s e c t i o n  f o r  t h e r m a l l y  r e l e a s e d  e l e c t r o n s  o n  e i t h e r  s i d e  o f  t h e  z e r o  
f i e l d  p o i n t  w i l l  determine  the  asymmetry  of  space  charge  decay. I f  no 
r e t r a p p i n g  o c c u r s  f r o m  t h e  z e r o  f i e l d  p o i n t  t o  t h e  i r r a d i a t e d  e l e c t r o d e  
w h i l e  m u l t i p l e  t r a p p i n g  o c c u r s  f r o m  t h e  p r a c t i c a l  r a n z e  t o  t h e  u n i r r a -  
d i a t e d  e l e c t r o d e   r e p r e s e n t s  a r easonab le   a s sumpt ion .   Fo r   t he   p re sen t  
work t h i s  c o n c e p t  i s  b e s t  d e s c r i b e d  by the  dependence  of  t rapping  cross  
s e c t i o n  upon t h e  e x t e n t  t o  w h i c h  t h e  t r a p s  a re  f i l l e d  i n  t h e  v a r i o u s  
reg ions   o f   the   sample .  However as t h e   p r a c t i c a l   r a n g e   i n c r e a s e s   s u c h  
t h a t  t h e  p r o b a b i l i t i e s  i n  ( 2 )  become comparable ,   the   asymmetry  considera-  
t i ons  deve loped  i n  Appendix A becomes unreasonable .  The ag reemen t  c i t ed  
i n  t h e  p r e s e n t  work between t h e  c a l c u l a t e d  v a l u e  o f  i n t e r n a l  e l e c t r i c  
f i e l d  r e s u l t i n g  f r o m  t r a p p e d  i r r a d i a t i o n  e l e c t r o n s  a n d  t h e  a p p l i e d  e l ec t r i c  
f i e l d  r e q u i r e d  t o  overcome t h i s  e f f e c t  i n d i c a t e s  t h a t  t h e  minimum v a l u e s  
obtained from the charge released measurements  can be used as an  approxi -  
m a t i o n  t o  t h e  a c t u a l  v a l u e s .  
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Chapter I11 
Space  Charge  Buildup  and  Spontaneous  Discharge 
3.1 Introduction 
Trapping of irradiation  electrons  in  insulating  materials  has  been 
substantiated  experimentally. 'OY1' In view of earlier  work, one 
might  expect  considerable charge.buildup to occur  in  electron  irradiated 
polyethylene  terephthalate. To achieve  a  large  irradiation  electron 
density in traps,  fast  electrons  are  injected  into  polyethylene  tere- 
14 
1 phthalate  which  reach  thermal  velocity  through  scattering  and  ionization. 
For  practical  considerations,  evaporated  aluminum  electrodes  cover  the 
surfaces of the  polytheylene  terephthalate. The interaction of the 
primary  irradiation electrons.with the  electrode  material  must  be  con- 
sidered to identify  the  injected  electrons.  For  the  present  analysis 
it  will be assumed that the  injected  electrons  become  thermalized  uni- 
formly  throughout  the  volume  determined by the  cross  sectional  area 
and  the  practical  range of the  primary  electron  beam.  Experimental 
evidence  related to this  assumption  has  been  considered  in  Chapter 11. 
A s  a  result of this  assumption one can  proceed  in  a  straightforward 
manner  to  determine  the  internal  electric  field  for a  given  number of 
trapped  irradiation  electrons. In addition  the  detection of external 
charge  transfer  associated  with  spontaneous  discharge  initiated  by  the 
internal  field  can be  discussed. 
The observations of spontaneous  discharge  have  been  obtained  using 
a 147Prn beta  source  for  irradiation. The beta  source was chosen  for  a 
very  practical  reason. The differential  flux is an approximation to 
the  Van  Allen  belt  over  the  energies of interest. The current  applications 
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of polymers i n  s p a c e  t e c h n o l o g y  d e r i v e s  s p e c i a l  i n t e r e s t  f r o m  t h i s  e x p e r i -  
m e n t .  I r r a d i a t i o n  f o r  e x t e n d e d  p e r i o d s  is p o s s i b l e  w i t h  t h i s  a p p r o a c h  
w i t h o u t  c o n c e r n  f o r  s t a b i l i z i n g  t h e  e n e r g y  a n d  f l u x  rate. 
3.2 I n t e r n a l   E l e c t r i c   F i e l d  
To c a l c u l a t e  t h e  i n t e r n a l  e l e c t r i c  f i e l d  r e s u l t i n g  f r o m  t r a p p e d  
i r r a d i a t i o n  e l e c t r o n s  c o n s i d e r  t h e  s i m p l e  m d e l  i n  F i g u r e  3 . 1  where  the  
d i a m e t e r  o f  t h e  i r r a d i a t e d  area A i s  much g r e a t e r  t h a n  t h e  t h i c k n e s s  d .  
E l e c t r o n s   a r e   i n j e c t e d  a t  x = 0, u n i f o r m l y   a c r o s s   t h e   a r e a  A It i s  
assumed  that  a l l  o f  t h e s e  e l e c t r o n s  are s t o p p e d  w i t h i n  a d i s t a n c e  d i n  
t h e  p o l y e t h y l e n e  t e r e p h t h a l a t e  a n d  r e s u l t  i n  a uni form charge  dens i ty  p 
f o r  x < d and   cha rge   dens i ty   ze ro   fo r  x > d Therefore   by  Poisson 's  
equat ion  
1 
1' 
1 
1 1' 
02v = 0 d l < x < d  - . ( 3 . 2 )  
U s i n g  t h e  b o u n d a r y  c o n d i t i o n s  t h a t  t h e  p o t e n t i a l  i s  ze ro  a t  t h e  extreme 
boundaries  
V ( 0 )  = V(d) = 0 
and  tha t  t he  d i sp lacemen t  vec to r  i s  cont inuous  across  the  boundary  a t  
x = d t h e   e l e c t r i c   f i e l d   i n   t h e s e  two r eg ions  i s  1' 
The r e s u l t s  o f  Equat ions ( 3 . 3 )  and ( 3 . 4 )  are  shown i n  F i g u r e  3 . 2 .  
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*1 
Figure  3 . 1 .  Geometry o f  Sample  and I r r a d i a t e d  Volume Assumed t o   Y i e l d  a 
Uniform Charge Distribution Throughout the Volume Aldl. 
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Figure  3 . 2 .  E l e c t r i c  F i e l d  D i s t r i b u t i o n  R e s u l t i n g  from  Uniform  Charge 
D i s t r i b u t i o n  D e n s i t y  f o r  x ,< d a n d  z e r o  f o r  x > d 1 - 1' 
For  breakdown  due t o  t h e  i n t e r n a l  e l e c t r i c  f i e l d  o n l y  t h e  v a l u e  o f  
IEmax) w i l l  be   considered.   For  d < d t h e  maximum e l e c t r i c  f i e l d   o c c u r s  
a t  x = 0. Also i f  dl << d 
1 
T h e r e f o r e   t h e  number o f   e l e c t r o n s   p e r  c m  (n ) i n  t h e  volume  Aldl r e q u i r e d  
t o   y i e l d  a g i v e n   v a l u e   o f  E i s  
2 
A1 
max 
I f  d ' = d w h i c h  r e q u i r e s  t h a t  t h e  c h a r g e  b e  d i s t r i b u t e d  u n i f o r m l y  
t h r o u g h o u t  t h e  e n t i r e  volume (A d ) ,  t h e  maximum e lec t r ic  f i e l d  o c c u r s  
1 
1 
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a t  x = 0 and x = d and i s  
Aga in  the  e l ec t rons  pe r  cm2 r e q u i r e d  t o  y i e l d  a g i v e n  v a l u e  o f  
can be determined by 
I 
The r e s u l t s   o f   E q u a t i o n s  (3.6) and (3.8) a r e  shown i n   F i g u r e  3 . 3 .  C l e a r l y  
t h e  v a l u e  o f  d i f f e r s  o n l y  by a f a c t o r  o f  2 as dl  goes  from  dl << d 
t o  d = d f o r  a g iven  number  of e l e c t r o n s  p e r  cm (nAl) i n  t h e  r e g i o n  
of   charge  densi ty .   Therefore   the  remainder  of  t h e  a n a l y s i s  w i l l  con- 
s i d e r  o n l y  t h e  c a s e  w h e r e  c h a r g e  i s  d i s t r i b u t e d  u n i f o r m l y  t h r o u g h  t h e  
e n t i r e  volume  (Ald). 
I Emax I 
2 
1 
Due t o  t h e  p r e s e n c e  o f  a n  i n t e r n a l  f i e l d  r e s u l t i n g  from a n e t  
trapped  charge,   f ield  induced  breakdown  can  occur.  The  breakdown mech- 
an i sm cou ld  be  e i the r  Zene r  o r  e l ec t ron  ava lanche .  The Zener  breakdown 
depends upon the  change  in  rate a t  wh ich  e l ec t rons  pas s  from t h e  v a l e n c e  
band to  the  conduc t ion  band  unde r  the  ac t ion  o f  a c o n s t a n t  e l e c t r i c  
field.   Avalanche  breakdown resul ts  when f r e e  e l e c t r o n s  a r e  a c c e l e r a t e d  
by t h e  c o n s t a n t  e l e c t r i c  f i e l d  a n d  g a i n  more energy  f rom the  f ie ld  than  
i s  g iven  up t h r o u g h  l a t t i c e  c o l l i s i o n s .  Thus t h e  e l e c t r o n  i s  a b l e  t o  
o b t a i n  enough energy  to  cause  ion iza t ion  and  secondary  e lec t rons  which  
r e s u l t  i n  a n  a v a l a n c h e  p r o c e s s .  G e n e r a l l y  it i s  t h o u g h t  t h a t  c o l l i s i o n  
i o n i z a t i o n  b y  e l e c t r o n s  i s  r e s p o n s i b l e  f o r  breakdown of s o l i d  d i e l e c t r i c s .  
Q u o t e d  v a l u e s  f o r  t h e  f i e l d  s t r e n g t h  ( e l e c t r i c  f i e l d  r e q u i r e d  t o  i n i t i a t e  
breakdown) f o r  p o l y e t h y l e n e  t e r e p h t h a l a t e  r a n g e  f r o m  2 x lo6 vo l t s / cm 
24 
I 
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Fig .  3 . 3 .  Maximum B u i l t - i n   F i e l d   f o r  a Uni form  Elec t ron   Dens i ty .  
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t o  6 X 10 vol ts /cm.  6 2 5 y  26 These  values  are nea r ly   i ndependen t   o f :   ( a )  
v o l t a g e   t r a n s i e n t   i n   t h e   r a n g e   1 0   t o   1 0  sec, (b)   temperatures   rang-  
ing   f rom  -180   to  25"C, and   ( c )   t h i ckness   i n   t he   r ange   o f  5 t o  6 x 10 -4  
c m  . 25 Often breakdown pulses are observed  for  much l o w e r  f i e l d s  t h a n  
t h o s e   s t a t e d   a b o v e .   I n   f a c t  I n ~ i s h i ~ ~  has   found   t ha t   t he   mos t   p robab le  
breakdown  process a t  room t e m p e r a t u r e  w i t h  t h i n  f i l m s  o r  l a r g e  e l e c t r o d e s  
areas i s  f a i l u r e  a t  a de fec t .   Th i s  i s  d u e   t o   t h e   l o c a l i z a t i o n   o f   t h e  
e l e c t r i c  f i e l d  a t  a de fec t  cen te r  where  cha rge  t r app ing  occur s  and  to  
l a t t i c e  i r r e g u l a r i t i e s  w h i c h  r e d u c e  t h e  i n t r i n s i c  f i e l d  s t r e n g t h  o f  t h e  
material .  
-6  3 
Fie ld  s t r eng th  o f  po lye thy lene  t e r eph tha la t e  has  been  shown t o  b e  
s e n s i t i v e   t o  i r r a d i a t i o n .   A f t e r   i r r a d i a t i n g  a 5 X cm sample  with 
a dose  of lo7 r a d s  o f  2 Mev e l e c t r o n s  a t  a dose ra te  o f  10 rads/min 
the  b reakdown f i e ld  s t r eng th  dec reased  by  10 pe rcen t .  26 This  decrease  
i s  a l s o  a func t ion  o f  dose  ra te  with the most pronounced change occur- 
r i n g  a t  the  lower  dose ra tes .  
6 
Assuming a uni form dens i ty  of  t rapped  charge  through the  polye thy-  
l e n e  t e r e p h t h a l a t e ,  breakdown w i l l  b e  i n i t i a t e d  e i t h e r  w h e r e  t h e  e l e c t r i c  
f i e l d  i s  a maximum o r  a t  a l o c a l i z e d  d e f e c t  w h e r e  t h e  e l e c t r i c  f i e l d  a t  
the   de fec t   exceeds   t he   b reakdown  f i e ld   s t r eng th   o f   t he   r eg ion .  The 
breakdown i n i t i a t e d  a t  d e f e c t s  w i l l  depend upon t h e  n a t u r e  a n d  l o c a t i o n  
of t h e  d e f e c t .  
3 . 3  External  Charge  Transfer  from  Spontaneous  Discharge 
The breakdown mechanism has been discussed to this point without 
conce rn  fo r  de t ec t ing  the  occur rence  o f  t he  t r apped  cha rge  l i be ra t ion .  
The t r a n s i e n t  a c r o s s  t h e  l o a d  r e s i s t o r  i n  F i g u r e  3 . 4  can be analyzed 
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Figure  3 . 4  S i m p l i f i e d   C i r c u i t   f o r   D e t e c t i n g   E x t e r n a l   T r a n s f e r   o f  
Charge  from  Spontaneous  Discharge. 
by c a l c u l a t i n g  t h e  ex te rna l  c h a r g e  t r a n s f e r  r e s u l t i n g  from  spontaneous 
d i scha rge .  When IEmax) i s  l a r g e   e n o u g h   t o   i n i t i a t e  breakdown a t  t h e  
s u r f a c e ,   t h e   v a l u e   o f   c h a r g e   l i b e r a t e d   c a n   r a n g e   f r o m   t h e   t o t a l   c h a r g e  
i n  t r a p s  t o  o n l y  a n  i n f i n i t e s i m a l  vo lume  of   charge   in   the   reg ion   about  
a defec t .   For   loca l ized   breakdown  the   amount   o f   charge   l ibera ted  i s  
p robab ly  conf ined  to  the  r eg ion  nea r  t he  de fec t  s ince  the  r ema inde r  of  
t h e  d i e l e c t r i c  i s  n o t  s u b j e c t e d  t o  e i t h e r  t h e  l o c a l i z e d  f i e l d  o r  t h e  
r e d u c e d   i n t r i n s i c . s t r e n g t h   a s s o c i a t e d   w i t h   t h e   d e f e c t .   T h e r e f o r e  i t  i s  
expec ted  tha t  defec t  breakdown may be approximated by assuming a v a r i a b l e  
f i e l d   s t r e n g t h   a n d  a subsequent   vo lume  of   charge   l ibera ted .  To do t h i s  
cons ide r  F igu re  3.5 where only a p o r t i o n  o f  t h e  s e n s o r  i s  i r r a d i a t e d  
and  breakdown  occurs   in  a volume less t h a n  o r  e q u a l  t o  t h e  i r r a d i a t e d  
volume. I n  add i t ion ,   a s suming   t ha t   t he  maximum e x t e n s i o n   o f   t h e   d i s -  
c h a r g e  r e g i o n  p a r a l l e l  t o  t h e  e l e c t r o d e s  i s  g r e a t e r  t h a n  t h e  t h i c k n e s s  
o f  t h e  p o l y e t h y l e n e  t e r e p h t h a l a t e  w i l l  g r e a t l y  s i m p l i f y  t h e  c a l c u l a t i o n s .  
This  assumpt ion  permi ts  one  to  cons ider  the  var ious  reg ions  of  the  
s t r u c t u r e   i n d e p e n d e n t l y .  
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I f  breakdown occurs  to  e le ,c t rode number 2 and removes a volume 
A d of  t r a p p e d  e l e c t r o n s  i n  F i g u r e  3 . 5 ,  o n e  c a n  c a l c u l a t e  t h e  s u r f a c e  
c h a r g e  d e n s i t y  o v e r  t h e  area A on e l e c t r o d e  1 b e f o r e  a n d  a f t e r  b r e a k -  
down using  Equat ion ( 3 . 3 ) .  I f   t h e   l i b e r a t e d   c h a r g e  i s  assumed t o   b e  
l ibera ted  and  recombines  a t  e l e c t r o d e  number 2 i n  z e r o  t i m e ,  t h e  d i f f e r -  
ence  between  the  values  of s u r f a c e  c h a r g e  d e n s i t y  o v e r  area A b e f o r e  
a n d  a f t e r  breakdown on e l e c t r o d e  number 1 rep resen t s  t he  cha rge  wh ich  
m u s t  b e  t r a n s f e r r e d  f r o m  e l e c t r o d e  1 t o  e l e c t r o d e  2 through the  load  
r e s i s t o r  % t o   r e a c h   a n   e q u i l i b r i u m   s t a t e   o f   c h a r g e   d i s t r i b u t i o n .   S i n c e  
the  displacement  vector  component D i s  cont inuous   across   the   boundary  
a t  x = 0 the   magni tude   o f   the   sur face   charge   dens i ty   over  A b e f o r e  
breakdown (a  ) on e l e c t r o d e  1 i s  
2 2  
2 
2 
X 
2 
B 
( 3 . 9 )  
For   the   s ta ted   assumpt ions   the   magni tude   o f   the   sur face   charge   dens i ty  
over  A a f t e r  breakdown ( a  ) a t  e l e c t r o d e  1 is  2 A 
The re fo re  the  ne t  su r f ace  cha rge  wh ich  mus t  be  t r ans fe r r ed  f rom e lec t rode  
1 t o  e l e c t r o d e  2 i s  
qnA2 qnA2 dl 
""- 
2  d (d  - 2) - (3.11) 
The p o l y e t h y l e n e  t e r e p h t h a l a t e  s t r u c t u r e  w i t h  e l e c t r o d e s  c o n s t i t u t e s  a 
capac i to r  and  a t  t h e  time t = O+ t h e  v o l t a g e  d u e  t o  t h e  n e t  s u r f a c e  
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E l e c t r o d e  2 1 
E l e c t r o d e  1 
d = t h i c k n e s s  of c a p a c i t o r  
d2 = dep th  o f  d i s c h a r g e  
A = area o f  c a p a c i t o r  
A 1  = area of  i r r a d i a t i o n  
A2 = area of d i s c h a r g e  
A 
A1 
A2 
F ig .  3.5. Assumed Geometry   €or   I r rad ia t ion   Resul t ing   in   Uni form  Charge  
Trapping Throughout Volume A d and Discharge Throughout Volume 1 
A2d2. 
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charge  can  be  found  from 
(3.12) 
o r  
4nA2A2d2 4nA;2 
I 'c(')/ = 2CAAd - 2cAvc (3.13) 
where v i s  the  discharge  volume  and v i s  the  capaci tor   volume.   This  
v o l t a g e  a l s o  a p p e a r s  a c r o s s  % and a c h a r a c t e r i s t i c  RC d i s c h a r g e  t r a n -  
s i e n t  r e s u l t s  where 
2 C 
- t / \ C  
V = V (0) e 
C 
(3.14) 
To eva lua te  the  magn i tude  o f  t he  vo l t age  a t  t = 0" one must know the  
va lue  o f  e l ec t rons / cm3  in  t r aps  and  the  vo lume  o f  cha rge  l i be ra t ed .  
For  defec t  breakdown,  ass igning  va lues  to  these  quant i t ies  would  be  
meaningless .   However ,   af ter   calculat ing  the  magni tude  of   vol tage  asso-  
c i a t e d  w i t h  breakdown i n i t i a t e d  by an  upper l i m i t  f o r  d e f e c t  
breakdown  can  be  established.  Using  the  value  of I Emaxl = lo6  v/cm t h e  
cor responding   charge   in  traps under   the  assumptions  used  to   develop 
Equation  (3.8)  would  be  3.4 x 10 e l ec t rons / cm . For  6.3 X 10 cm 
t h i c k n e s s  o f  p o l y e t h y l e n e  t e r e p h t h a l a t e  t h e  c a p a c i t a n c e  i s  4.18 X 10 
farad/crn . Thus 2 
I Emax I 
1 2  2 -4  
- 10 
V 2 = 650 - v o l t s  . 
'0 V 
C 
(3.15) 
For  defec t  breakdown occurr ing  under  the  s ta ted  assumpt ions  the  d is -  
c h a r g e  t r a n s i e n t  i s  d i r e c t l y  r e l a t e d  t o  t h e  volume of  c h a r g e  l i b e r a t e d .  
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3 .4  Pm Experiment 147 
Obtaining the expected performance of  e l e c t r i c a l  components  and 
d e v i c e s  i n  a s p a c e  r a d i a t i o n  e n v i r o n m e n t  r e q u i r e s  a technique  for   s imu- 
l a t i n g   t h i s   e n v i r o n m e n t .   T h o s e   d e v i c e s   p r i m a r i l y   a f f e c t e d  by e l e c t r o n  
i r r a d i a t i o n  are u s u a l l y  t e s t e d  b y  Van de Graeff  accelerator  bombardments .  
This  work desc r ibes   t he   des ign ,   cons t ruc t ion ,   and  r e su l t s  o f   r ad io i so tope  
source o f  147Fm u s e d   i n   e l e c t r o n   i r r a d i a t i o n   s t u d i e s .  It i s  b e l i e v e d  
t h a t  s u c h  a source w i l l  b e  q u i t e  u s e f u l  i n  f u r t h e r  s t u d i e s  o f  t h i s  k i n d .  
The p r i m a r y  i n t e r e s t  i s  i n  t h e  c h a r g e  s t o r a g e  e f f e c t s  i n  d i e l e c t r i c  
27 
mate r i a l s  caused  by  the  t r app ing  o f  i nc iden t  e l ec t rons  t r apped  in  the  
material  and i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  s p a c i a l  d i s t r i b u t i o n  o f  
t h e   t r a p p e d   e l e c t r o n s .  The maximum v a r i a t i o n   i n   t h e   e l e c t r i c   f i e l d  
produced i s  a f a c t o r  of two when one  cons iders  the  two extremes of 
homogeneous t r a p p i n g   a n d   t r a p p i n g   e n t i r e l y  a t  one   sur face .   For   our  
s t u d i e s  a n  e l e c t r o n  s o u r c e  w i t h  e n e r g i e s  b e t w e e n  10 and 200  Kev i s  d e s i r -  
a b l e ,  The s o u r c e   s t r e n g t h   s h o u l d   b e   s u f f i c i e n t   t o   g i v e  a f l u x  of a t  
l eas t  10 e l ec t rons   pe r   squa re   cen t ime te r   pe r   s econd  a t  a d i s t a n c e   o f  
2 cent imeters  f rom the  source .  
9 
C o n s i d e r a t i o n s  o f  a v a i l a b i l i t y ,  c o s t ,  emitter energy  spectrum  and 
h a l f - l i f e   s u g g e s t e d   t h e   u s e   o f  147Pm as a p o s s i b l e   s o u r c e .  It  i s  avai l -  
a b l e  i n  l a r g e  q u a n t i t i e s ,  i n e x p e n s i v e ,  i s  a p u r e  b e t a  p a r t i c l e  emitter 
wi th  a maximum energy  of  2 2 3  Kev,  and  has a h a l f - l i f e  o f  2 . 6  yea r s .  
C a l c u l a t i o n s  i n d i c a t e d  t h a t  a 7 0  c u r i e  147Pm source would provide the 
d e s i r e d   c h a r a c t e r i s t i c s   i f :  (1) i t  cou ld   be   depos i t ed   t o  a th i ckness  
o f  25 mg/cm o r  less ,  ( 2 )  i t  cou ld   be   depos i t ed   w i th in   an  area of 25 cm , 
and ( 3 )  i t  could  be  used  wi th  a cove r ing  window o f  5 mg/cm2 o r  less. 
Such a source  has  been  des igned  and  cons t ruc t ed .  
2  2 
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The 147Pm source  was cons t ruc ted  by  f i rs t  mixing promethium oxide 
powder homogeneously with potassium s i l i c a t e  powder and s l u r r i e d ' i n  
a l c o h o l .  T h i s  m i x t u r e  was d i s t r i b u t e d  e v e n l y  o n  t h e  s u r f a c e  o f  a t h i n  
d i s c  ( 0 . 3  c m  t h i c k  by 5 c m  i n  d i a m e t e r )  o f  magnesium s i l i c a t e .  A f t e r  
d r y i n g  t h e  d i s c  was f i r e d  a t  1100°C f o r  16  hours  to  reac t  the  prometh ium 
o x i d e   w i t h   t h e   s i l i c a t e   f l u x i n g   a g e n t .   S u b s e q u e n t l y  a 3.8 X 10 c m  
P y r e x  g l a s s  o v e r l a y  was f i x e d  o n  t h e  s u r f a c e  o f  t h e  s o u r c e  b y  h e a t i n g  
a t  900°C t o  serve as a p r o t e c t i v e  c o v e r .  The g l a s s  o v e r l a y  c o v e r s  o n l y  
t h e  c e n t e r  o f  t h e  s o u r c e ,  e x p o s i n g  a b o u t  0 . 6  cm o f  t h e  rare e a r t h  g l a s s  
s o u r c e  a t  t h e  p e r i m e t e r .  It  i s  be l i eved   t ha t   t he   sou rce   can   be   u sed  
q u i t e  s a f e l y  i n  a cont ro l led  exper imenta l  p rogram in  which  rout ine  
smear  t e s t ing  i s  performed on a f r e q u e n t  b a s i s .  
- 3  
The f i n i s h e d  s o u r c e  was e s t ima ted  by t h e  s u p p l i e r  t o  have a f l u x  of 
e lec t rons   above  25 Kev o f   l e s s   t h a n   4 . 6  X 10   e l ec t rons  p e r  squa re  
c e n t i m e t e r   p e r   s e c o n d   a t  a d i s t a n c e   o f  2 c e n t i m e t e r s .   F i g u r e   3 . 6  i s  an  
energy  spec t rum of  the  source  tha t  was t a k e n  w i t h  a n  a n t h r a c e n e  c r y s t a l .  
A coun t ing  r a t e  o f  abou t  3 .4  X l o5  counts  per  minute  was ob ta ined  by 
p l a c i n g  a 1 c m  t h i c k  l e a d  c o l l i m a t o r  w i t h  a 0.05 cm h o l e  i n  i t  on top 
o f  t h e  s o u r c e .  The source  has  a  maximum energy  of  175 Kev and  has a maxi- 
mum number o f  e l e c t r o n s  a t  75 Kev. The source output  measured with a 
t h i n  s h e l l  i o n i z a t i o n  chamber was 1000 r / h r  a t  7 .5  c m  f rom the  su r face .  
D i s t r i b u t i o n  u n i f o r m i t y  o f  t h e  147Pm a c t i v i t y  o v e r  t h e  s u r f a c e  o f  t h e  
d i s c  was  de te rmined  by  au toradiography us ing  Polaro id  f i lm and  shown i n  
Figure  3 .7 .   Current   measurements   using a Fa raday   cup   a r e   i nc luded   i n  
Appendix C .  
10 
The  advantages  of  the  147Pm s o u r c e  f o r  e l e c t r o n  i r r a d i a t i o n  s t u d i e s  
are: (1) t h e   r a d i o i s o t o p e   s o u r c e  i s  much c h e a p e r   i n   o r i g i n a l   c o s t   a n d  
10,oo 
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Energy (Kev) 
F i g .  3 . 6 .  Energy  Spectrum of  147p, Source. 
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Fig.  3 . 7 .  Autoradiograph Using Polaroid Type 57 F i l m  of 147P, Source 
for a 5 Second Direct Exposure. 
t 
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opera t ing   expense   than   convent iona l   machine   sources ,  (2) t he   ou tpu t   o f  
t he  sou rce  i s  constant  and need be measured only once a t  known d i s t a n c e s ,  
(3 )  t h e  i r r a d i a t i o n  time can  be  weeks o r  months,  which i s  n o t  p r a c t i c a l  
wi th   machine   sources ,   and  ( 4 )  the   source   can   be   used   to   s imula te   the  
e l e c t r o n  d i s t r i b u t i o n  a n d  f r e q u e n c y  i n  s p a c e ,  t h e r e b y  a l l o w i n g  more 
r e a l i s t i c  " r e a l  time" tes t ing   p rograms.  
The a p p a r a t u s  a s s o c i a t e d  w i t h  t h e  d e t e c t i o n  o f  s p o n t a n e o u s  d i s c h a r g e  
are shown in   F igu re  3.8. The i r r a d i a t i o n  chamber i s  a g l a s s   a s sembly  
wi th  two p o r t s .  One p o r t  i s  a t t a c h e d  t o  a n  o i l  d i f f u s i o n  pump whi le  
t h e   o t h e r  i s  used  for   mounting  the  samples .  The sample  holder  i s  similar 
t o   t h e   o n e  shown in   F igu re   2 .3 .  The c i r c u i t  u s e d  t o  d e t e c t  t h e  t r a n s f e r  
of e x t e r n a l  c h a r g e  r e s u l t i n g  f r o m  a spontaneous  d ischarge  is  shown i n  
F igure  3 . 9 .  The sample was c o n n e c t e d   t o   t h e   i n p u t   o f   a n   e l e c t r o m e t e r .  
The input  impedance of the  e l ec t rome te r  and  the  capac i t ance  of the  sample 
determined  the time c o n s t a n t   o f   t h e   d i s c h a r g e   p u l s e .  To provide   cont in-  
uous  moni tor ing  the  e lec t rometer  ou tput  was connec ted  to  a s t r i p  c h a r t  
r eco rde r .  The pass   band  of   the  recorder   which is  200 cyc le s   pe r   s econd  
p laced  a l i m i t a t i o n  on the  time c o n s t a n t  of t h e  p u l s e  i f  minimum d i s t o r t i o n  
o f  t h e  p u l s e  c h a r a c t e r i s t i c s  i s  des i red .   The   capac i tance  of  t h e  sample was 
t y p i c a l l y  22  nanofarads  and  the  input  
ohms w h i c h  r e s u l t s  i n  a time cons tan t  
l ead  capac i t ance  was always less than  
impedance  to  the  e l ec t rome te r  10 
of   0 .22  seconds.  The s t r a y   a n d  
100 p i c o f a r a d s .  The  accuracy  of  
7 
t h e  m e a s u r i n g  c i r c u i t  was de termined  us ing  a c a p a c i t o r  a b o u t  t h e  same 
v a l u e  as t h e  s e n s o r s  t h a t  were i r r a d i a t e d .  The c a p a c i t o r  was charged 
wi th  vo l t ages  f rom 0 .002  to  0.100 v o l t s  a n d  d i s c h a r g e d  t h r o u g h  t h e  i n p u t  
r e s i s t a n c e  o f  t h e  e l e c t r o m e t e r  u s i n g  a mercu ry  we t t ed  r e l ay .  By a d j u s t i n g  
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e l e c t r o m e t e r  
F i g u r e  3 . 9 .  Block  Diagram  for   Detect ing  Spontaneous  Discharge.  
t h e  i n p u t  r e s i s t a n c e  o f  t h e  e l e c t r o m e t e r  w h i c h  i s  a p o r t i o n  o f  t h e  
RC c i r c u i t ,  d i f f e r e n t  v a l u e s  o f  t h e  d e c a y  time c o n s t a n t  f o r  t h e  r e c o r d e d  
pulses   were   ob ta ined .   Us ing   these   var ious  time cons t an t s ,   t he   ampl i tude  
o f  t he  r eco rded  pu l ses  was  compared t o  t h e  i n i t i a l  v o l t a g e  a c r o s s  t h e  
capac i to r .   The   pe rcen t   e r ro r   obse rved   fo r   pu l se s  less t h a n  0.003 v o l t  
was l e s s   t h a n   1 3 . 0   p e r c e n t .  An e r ro r   o f   app rox i r r a t e ly  2 p e r c e n t  was 
measured  for  recorded  pulses  wi th  ampl i tudes  of  0.005 t o  0.100 v o l t s .  
The minimum pulse  which could be measured was 0 . 0 0 1  v o l t .  T h e r e f o r e  
t h e  c h a r a c t e r i s t i c s  o f  t h e  d i s c h a r g e  p u l s e  s h o u l d  b e  o b t a i n e d  i n  t h e  
r e c o r d e r   o u t p u t .   T h i s   p r o v i d e s  a d i sc r imina t ion   t echn ique   whereby   on ly  
those   pu l se s   w i th   t he   p rope r   decay  t i m e  c o n s t a n t  a r e  counted.   Other  
d i s turbances  which  may occur  due  to  power l i n e  f l u c t u a t i o n s ,  i n d u c t i o n  
mach ine ry  s t a r t -up  o r  o t h e r  s o u r c e s  t y p i c a l l y  r e s u l t  i n  s h o r t e r  time 
cons t an t s   and   can   be   d i s r ega rded .   D i s tu rbances   o f   t hese   so r t s   have   been  
obse rved  and  co r re l a t ed  wi th  the  sou rces  ind ica t ed .  
- 4  Samples  of 6 . 3  X 10 cm t h i c k   p o l y e t h y l e n e   t e r e p h t h a l a t e   f i l m   w i t h  
va r ious  th i cknesses  o f  a luminum e lec t rodes  wi th  an  a rea  o f  13 cm were 
p l a c e d  i n  t h e  i r r a d i a t i o n  chamber  approximately two cent imeters  f rom the  
2 
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source.  The f l u x  ra te  was es t ima ted   t o   be   2 .2  X 10 e/cm2-sec by a 
current   measurement  as d i s c u s s e d  i n  Appendix C. The i r r a d i a t e d  area of 
9 
n 
the   sample was 9.6 cm . The i r r a d i a t e d   s a m p l e s  were connec ted   to   the  
c i r c u i t  shown i n   F i g u r e  3 . 9 .  Only those   pu l se s   w i th   t he   p rope r  time 
c o n s t a n t  were counted as a discharge  event .   Very few s p u r i o u s   p u l s e s ,  
less than 1 p e r c e n t  o f  t h e  t o t a l  number o f  pu l se s  obse rved ,  occu r red  
d u r i n g   t h e   o b s e r v a t i o n s .  Due t o   t h e   v a r i a t i o n s   i n   t y p e s   o f   s a m p l e s  
i r r a d i a t e d  a n d  t h e  d i f f i c u l t y  i n  o b t a i n i n g  p u l s e s  a comprehensive 
e v a l u a t i o n   o f   t h e  147P, expe r imen t   wou ld   be   qu i t e   a rb i t r a ry .  However, 
some aspec t s  o f  spon taneous  d i scha rge  fo r  t he  cond i t ions  c i t ed  thus  f a r  
i n   t he   r epor t   have   been   i den t i f i ed .   Fo r   example   t he re   have   been   no  
puls 'es observed when t h e  i r r a d i a t e d  e l e c t r o d e  o f  t h e  s e n s o r  was 1 m i l  
a luminum.   Tota l   i r rad ia t ion  time of   these  samples   includes  648  hours  
a t  room temperature and 72 hours a t  -140°C. 
L 
For  the  1 /2  m i l  aluminum i r r a d i a t e d  e l e c t r o d e ,  p u l s e s  h a v e  b e e n  
observed a t  room temperature  and -140°C.  However on ly  2 samples   out   of  
t h e  5 t e s t e d   h a v e   p u l s e d .   F o r   a n   i r r a d i a t e d   e l e c t r o d e   t h i c k n e s s   o f  
0.025 m i l ,  6 o u t  of the   16   i r rad ia ted   samples   pu lsed .   Throughout   the  
147Pm experiment  less than 50% of  the  samples  i r rad ia ted  have  pulsed  
a t  a l l .  Due t o   t h e   d i f f i c u l t y   i n   o b t a i n i n g   p u l s e s ,  a l l  the   obse rva t ions  
w i l l  be   inc luded  as one s ta t i s t ic .  Based  upon  an  observed  668  pulses 
from 1 / 4  m i l  m y l a r  d i e l e c t r i c  w i t h  v a r y i n g  e l e c t r o d e  t h i c k n e s s ,  t h e  
ave rage  pu l se  he igh t  was 7 2  m i l l i v o l t s  w i t h  a m a x i m u m  of  2.7  volts.   The. 
d i s c r i m i n a t i o n  l e v e l  was a lways   i n   excess   o f  1 m i l l i v o l t .  The t o t a l  
i r r a d i a t i o n  time dur ing   which   pu lses  were observed was 2754 hours.  For 
an   i n t eg ra t ed   f l ux   o f   app rox ima te ly   2 .2  X 19 e/cm -sec, one   ob ta ins   an  9  2 
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average   va lQe  of  3.2 X 10 e/cm -pulse .   There seems t o  b e   n o   d i r e c t  
c o r r e l a t i o n  b e t w e e n  e l e c t r o d e  t h i c k n e s s  a n d  p u l s e  h e i g h t  n o r  a n  e a s i l y  
d i s c e r n a b l e   c o r r e l a t i o n   w i t h   p u l s e  ra te .  Th i s  i s  n o t   t o o   s u r p r i s i n g   s i n c e  
t h e  t h i c k e s t  f o i l  u s e d  w h i c h  h a s  r e s u l t e d  i n  p u l s e s ,  i s  112 m i l  a n d  t h i s  
represents   approximate ly   one-ha l f   th ickness   for  147F’m. For a t o t a l  irra- 
d i a t i o n  time o f  4 0 2  hours  on 5 samples  with similar i r r a d i a t i o n  h i s t o r i e s  
and similar geometr ies  ( 0 . 0 2 5  m i l  i r r a d i a t e d  e l e c t r o d e ,  114 m i l  poly- 
e t h y l e n e   t e r e p h t h a l a t e ) ,  325 spontaneous   d i scharges  were r eco rded .  The 
ave rage   pu l se   he igh t  was 30 m i l l i v o l t s .  The average   pu lse  r a t e  f o r   t h e  
t o t a l  i r r a d i a t i o n  time of  each  sample was 0.57 p u l s e s l h o u r .  The average 
p u l s e  ra te  a f t e r   t h e   f i r s t   o b s e r v e d   p u l s e  was 8 . 6  pu l ses /hour .  From 
t h e s e   r e s u l t s  two f a c t o r s  become appa ren t .  The ave rage   ex te rna l   cha rge  
t r ans fe r   due   t o   spon taneous   d i scha rge  i s  6 . 6  X 10 coulombs. Al so  
t h e r e  i s  an i n i t i a l  b u i l d u p  of  t r a p p e d  c h a r g e  b e f o r e  t h e  f i r s t  s p o n t a n e o u s  
d i scha rge .  On the   average   the  t i m e  i n t e rva l   be tween   d i scha rge   even t s  
i s  a t  l e a s t  a n  o r d e r  o f  m a g n i t u d e  s h o r t e r  t h a n  t h e  i r r a d i a t i o n  time 
r e q u i r e d   t o   o b t a i n   t h e   f i r s t   p u l s e .   T h i s   b e h a v i o r  i s  s u g g e s t i v e   o f  
p a r t i a l  d i s c h a r g e  o f  t r a p p e d  i r r a d i a t i o n  e l e c t r o n s  as opposed to  a 
discharge  event   where a l l  t rapped   charge  i s  l i b e r a t e d .  With a c a p a b i l i t y  
t o  d e t e c t  a o n e  m i l l i v o l t  p u l s e ,  t h e  d i s t r i b u t i o n  o f  p u l s e  h e i g h t s  f o r  
one  of   the  f ive  samples  i s  shown i n   F i g u r e  3.10. The p u l s e   h e i g h t s  are 
grouped  by 5 m i l l i v o l t  i n t e r v a l s .  The r e s u l t i n g  d i s t r i b u t i o n  c l e a r l y  
shows t h a t  m o s t  o f  t h e  p u l s e s  a r e  less than  the  average  va lue  of  30 m i l l i -  
v o l t s .   I n   f a c t   t h e   d i s t r i b u t i o n   r o u g h l y   a p p r o x i m a t e s   a n   e x p o n e n t i a l  
i n c r e a s e   i n   t h e  number of p u l s e s  as pu l sehe igh t   dec reases .   Th i s   w ide  
v a r i a t i o n  i s  s u g g e s t i v e  o f  t h e  r e s u l t s  o f  E q u a t i o n  (3.15) where  the  pulse  
h e i g h t  i s  r e l a t e d  t o  t h e  volume  of  discharge  by 
13 2 
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Based  upon t h i s   c o n c e p t   t h e   r a t i o  v /v = 4.6 X 10  would  represent  
t he  ave rage  volume of  t he  sample  invo lved  in  the  d i scha rge  even t .  
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Chapter I V  
Reia ted  Exper imenta l  Observa t ions  
I n  a d d i t i o n  t o  t h e  o b s e r v a t i o n s  o f  c h a r g e  s t o r a g e  a n d  r e l e a s e  i n  
p o l y e t h y l e n e  t e r e p h t h a l a t e  a t  room t empera tu re ,  o the r  expe r imen t s  r e l a t ed  
t o  t h e  more g e n e r a l  aspects of  spontaneous  d ischarge  f rom e lec t ron  irra- 
d ia t ed   i n su la t ing   ma te r i a l s   have   been   pe r fo rmed .  The e x p e r i m e n t s   f a l l  
i n t o  two ma jo r   ca t agor i e s :  (1) obse rva t ions   r e l a t ed   t o   t he   deve lopmen t  
of  the charge s torage and release model ,  and ( 2 )  obse rva t ions  o f  cha rge  
s t o r a g e  r e l e a s e  i n  f i l m s  o t h e r   t h a n   p o l y e t h y l e n e   t e r e p h t h a l a t e .   O b s e r -  
v a t i o n s  r e l a t e d  t o  t h e  model i n c l u d e  a c t i v a t i o n  e n e r g y ,  d c  f i e l d  s t r e n g t h  
measurements ,  asymptot ic  behavior  and low t empera tu re  cha rge  r e l ease .  
Charge  re lease  measurements   have  been  observed  for   polypropylene  and 
c e l l u l o s e  a c e t a t e .  
The act ivat ion energy measurements  were made i n  a t h e r m o s t a t e d  c e l l  
i n  a vacuum of  0 .1  mm Hg.  The  main  body  of  the c e l l  was machined  from 
b r a s s  s t o c k  a n d  c o n s i s t s  o f  two symmet r i ca l  p i eces  wi th  an  O- r ing  f i t t i ng  
t o  j o i n  t h e  two sec t ions  unde r  the  fo rce  o f  a vacuum. Aluminum e l e c t r o d e s  
were   evapora t ed   on to   each   s ide   o f   t he   f i lms   s tud ied .  The  aluminum e l e c -  
t rodes  were  con tac t ed  by o p t i c a l l y  p o l i s h e d  m e t a l  e l e c t r o d e s  h e l d  i n  p l a c e  
by small   magnets.  A g u a r d  r i n g  was p rov ided  to  l i m i t  the  measurement  to 
b u l k  p r o p e r t i e s .  T e f l o n  i n s u l a t e d  c o a x i a l  c o n n e c t o r s  w e r e  u s e d  f o r  e l e c t r i -  
ca l   f eed - th roughs .  T h e   l e a k a g e   r e s i s t a n c e   o f   t h e   c e l l  was g r e a t e r  t h a n  
5 x 1014 ohms a t  30°C. 
Af te r  mount ing  the  sample  in  the  ce l l  and  evacuat ing  i t ,  a 100 v o l t  
b i a s  was appl ied  through lo1’ ohms input  impedance  to  an  e lec t rometer .  
A t y p i c a l  c u r r e n t  a t  room t e m p e r a t u r e  f o r  1 .0  m i l  po lye thy lene  t e r eph tha -  
l a t e   w i t h  100 v o l t s   a p p l i e d   b i a s  was 4 X amperes.  The  sample  was 
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then  hea ted  a t  1 .25"C/min and the current  and temperature  recorded,  
Al though thermal  grad ien ts  obvious ly  ex i s t  i n  t h e  s a m p l e ,  i t  was es t i -  
m a t e d  t h a t  t h e  t e m p e r a t u r e  as de tec t ed  by  a t h e r m i s t o r  i n s i d e  t h e  c e l l  
was w i t h i n  5 ° C  of   the   ac tua l   t empera ture   o f   the   sample .   This  estimate 
was. based upon a compar ison  be tween the  moni tor ing  thermis tor  and  a 
thermocouple  in  contac t  wi th  the  sample .  
From t h e  d c  c o n d u c t i v i t y  v s  1 / T  p l o t  shown i n  F i g u r e  4 - 1 ,  an a c t i -  
v a t i o n   e n e r g y   f o r   d a r k   c o n d u c t i v i t y   c a n   b e   o b t a i n e d .  The d a t a   f o r  
po lye thylene   t e rephtha la te   have   been   average   for   four   measurements .   In  
a d d i t i o n  a s ingle  measurement  for  po lypropylene  i s  shown i n  F i g u r e  4-2 .  
These   da ta  are important  when the   thermal  release of   charge i s  ana lyzed  
us ing  the  model  deve loped  in  Chapter  11. 
The e l e c t r i c  f i e l d  s t r e n g t h  o f  t h e  d i e l e c t r i c  was determined  by 
p l ac ing  the  f i lm  be tween  two o p t i c a l l y  p o l i s h e d  metal e l e c t r o d e s  a n d  
app ly ing  a dc vol tage from a f i l t e r e d  power supply  connec ted  in  series 
wi th   the   input   impedance   of   an   e lec t rometer .  The input  impedance of 
t h e  e l e c t r o m e t e r  p r o v i d e d  a c u r r e n t  l i m i t i n g  r e s i s t a n c e  a n d  a means f o r  
mon i to r ing  cu r ren t  f l uc tua t ions  a s soc ia t ed  wi th  b reakdown.  The a p p l i e d  
v o l t a g e  was inc reased   i n   i nc remen t s .   S t eady  s t a t e  c u r r e n t  was o b t a i n e d  
a t  each   vo l t age  level .  When t h e   v o l t a g e  level was reached  where  large 
i n t e r m i t t e n t  c u r r e n t  f l u c t u a t i o n s  o c c u r r e d  w i t h o u t  y i e l d i n g  a permanent 
s h o r t  t h r o u g h  t h e  d i e l e c t r i c ,  t h e  c o r r e s p o n d i n g  e l e c t r i c  f i e l d  was 
taken as a measure  of  breakdown which  could  bes t  cor re la te  wi th  spon-  
t aneous  d i scha rge  r e su l t i ng  f rom the  t r app ing  of i r r a d i a t i o n  e l e c t r o n s .  
For 114 m i l  p o l y e t h y l e n e  t e r e p h t h a l a t e ,  t h e  i n t e r m i t t e n t  c u r r e n t  f l u c t u a -  
t i o n s  o c c u r r e d  a t  an  app l i ed  e l ec t r i c  f i e l d  of  6.6 X lo5 v/cm.  For 
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Figure  4.1.   Conductivity vs 1/T for  1 m i l  Polyethylene  Terephthalate 
F i l m  (Data Points Represent Average of Four Independent 
Measurements). 
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F i g u r e  4.2 .  Conduc t iv i ty  vs 1 / T  f o r  0.75 m i l  Po lypropylene   F i lm 
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polypropylene  and  ce l lu lose  acetate t h e s e  c u r r e n t  f l u c t u a t i o n s  o c c u r r e d  
a t  7 . 4  X 10 v/cm and 3 . 9  X 10 v/cm r e s p e c t i v e l y .  The self  h e a l i n g  
n a t u r e  o f  t h e s e  l a r g e  c u r r e n t  f l u c t u a t i o n s  s u g g e s t  t h a t  a temporary  low 
impedance  pa th  occur s  in  the  d i e l ec t r i c  wh ich  i s  bu rned  ou t  by  the  l a rge  
c u r r e n t  f l o w  t h r o u g h  t h e  l i m i t e d  area assoc ia ted  wi th  the  breakdown.  
C o n c e p t u a l l y ,  t h i s  may occur  a t  d e f e c t s  i n  t h e  d i e l e c t r i c  w h e r e  t h e  
f i e l d  s t r e n g t h  i s  less t h a n  t h e  i n t r i n s i c  f i e l d  s t r e n g t h  o f  t h e  material. 
It i s  obv ious  f rom th i s  d i scuss ion  tha t  t hese  measu remen t s  do n o t  r e p r e -  
s e n t  t h e  i n t r i n s i c  f i e l d  s t r e n g t h ,  however  they do represent  a method 
f o r  c o r r e l a t i n g  t h e  r e s u l t s  o f  t h e  c h a r g e  s t o r a g e  a n d  t h e r m a l  release 
w i t h  t h e  o b s e r v a t i o n s  of spontaneous  discharge.  
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The up tu rn ing  cha rac t e r i s t i c  wh ich  r e su l t s  f rom the  mode l  deve loped  
in   Chap te r  I1 was i n v e s t i g a t e d   e x p e r i m e n t a l l y   i n  some d e t a i l .  As i n d i -  
c a t e d ,  t h e  t u r n  u p  was o b s e r v e d  i n  m o s t  i n s t a n c e s  a f t e r  5 x l o 3  seconds 
h a d   e l a p s e d .   T h i s   e f f e c t  i s  shown i n   F i g u r e  4 - 3  f o r  two s e p a r a t e  
samples. The i n t e g r a t i n g  time c o n s t a n t  was lo5 seconds  and  the  char- 
ac t e r i s t i c s  for .sample 1 2 G  undoubtably are a f f e c t e d  b y  t h e  i n t e g r a t i n g  
time c o n s t a n t   f o r  t > 10 seconds.  However, a l l  the   up turn   cannot   be  
e x p l a i n e d   b y   t h e   i n t e g r a t i n g  time cons tan t   a lone .   In   add i t ion ,   s ample  
20G shows a n  u p t u r n i n g  c h a r a c t e r i s t i c  a f t e r  5 X 10 seconds  have  e lapsed.  
The poor  reproducib i l i ty  f rom sample  to  sample  of  the  upturn ing  charac te r -  
i s t i c  i s  c o n s i s t e n t  w i t h  t h e  p o o r  r e p r o d u c i b i l i t y  o f  c h a r g e  s t o r a g e  f r o m  
sample t o  sample .   Th i s   cha rac t e r   o f   po lye thy lene   t e r eph tha la t e  carries 
ove r   i n to   t he   ac t iva t ion   ene rgy   measu remen t s .   The re fo re ,  when t h e  
average  va lue  shown i n  F i g u r e  4-1 i s  u s e d  i n  t h e  m o d e l  t o  p r e d i c t  t h e  
poin t  where  the  charge  release devia tes  f rom the  behavior  as p r e d i c t e d  
4 
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Figure  4 .3 .   Charge  Release  Measurement   Indicat ing  Asymptot ic   Behavior .  
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from  Equation ( B - 2 1 ) ,  one   should   expec t   on ly   an   average   va lue .  However 
the  average  value  determined  f rom  the  model   of  1.1 x 10 seconds 
i s  somewhat l o w e r  t h a n  e i t h e r  v a l u e  shown i n  F i g u r e  4 - 3 .  It  may be   o f  
i n t e r e s t  t o  f u r t h e r  i n v e s t i g a t e  t h i s  a s p e c t  o f  c h a r g e  release w i t h  t h e  
i n t e g r a t i n g  t i m e  c o n s t a n t   i n c r e a s e d   t o   g r e a t e r   t h a n  10 seconds.  
3 
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One f u r t h e r  a s p e c t  o f  c h a r g e  s t o r a g e  i n  p o l y e t h y l e n e  t e r e p h t h a l a t e  
was inves t iga ted .   Charge  release measurements were c a r r i e d   o u t  a t  
room tempera ture  and  be low -100°C wi th  the  resu l t s  shown i n  F i g u r e  4 - 4 .  
For  the same i r r a d i a t i o n  t ime, t h e  same f l u x  ra te ,  and  the same e l e c t r o n  
energy  the  charge  release rate a t  room temperature  i s  g r e a t e r  t h a n  t h a t  
a t -116°C.   Th i s   r e su l t  i s  n o t   s u r p r i s i n g   s i n c e   E q u a t i o n  ( B - 2 1 )  p r e d i c t s  
t h a t  t h e  release o f  t r a p p e d  e l e c t r o n s  i s  l i n e a r l y  r e l a t e d  t o  t h e  temp- 
e r a t u r e .  Of c o u r s e  t h i s  a s s u m e  t h e  same number o f   t r a p p e d   e l e c t r o n s  
a t  t = 0 .  However a f t e r  warming  up the   i r rad ia ted   sample   f rom  -116°C 
t o  room tempera tu re  the  to t a l  cha rge  r e l eased  was l a r g e r  b y  a f a c t o r  
o f  3 o v e r   t h e   i r r a d i a t i o n s   c a r r i e d   o u t  a t  room temperature .   Therefore  
more e l e c t r o n s   a r e   t r a p p e d  a t  the  lower  temperatures .  It was no t   p rac -  
t i c a l  t o  p u r s u e  t h e s e  o b s e r v a t i o n s  i n  a more d e t a i l e d  manner  due t o  t h e  
l a r g e  t e m p e r a t u r e  v a r i a t i o n s  t h a t  o c c u r  when one  a t t empt s  to  coo l  a 
suspended  f i lm.   However ,   the   charge  s torage  and  thermal  release model 
was q u a l i t a t i v e l y   e x a m i n e d   w i t h   r e s p e c t   t o   t h e s e   o b s e r v a t i o n s .  As a 
resu l t   the   t empera ture   dependence  as p r e d i c t e d  by Equation ( B . 2 1 )  seems 
r e a s o n a b l e .   I n   a d d i t i o n   t h e   r e s u l t s   c a n   b e   u s e d   t o   o b t a i n  a d e s c r i p -  
t ive  co r re l a t ion  be tween  the  cha rge  release measurements and spontaneous 
d ischarge .   This  i s  c o n s i d e r e d   i n  more d e t a i l   i n   C h a p t e r  V. 
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Figure 4.4.  Charge Release Measurement a t  Room Temperature  and -116OC. 
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Charge release measurements on polypropylene  and  ce l lu lose  acetate 
h a v e  a l s o  b e e n  c a r r i e d  o u t  w i t h  t h e  r e s u l t s  s h o w n i n  F i g u r e s  4-5 and 4 - 6 .  
The main purpose was t o  o b t a i n  a n  estimate o f  t h e  relative c h a r g e  s t o r -  
a g e   e f f i c i e n c y  of p o l y e t h y l e n e   t e r e p h t h a l a t e .   I f   t h e   c h a r g e  release 
occur s  p r imar i ly  th rough  s imple  no - re t r app ing  even t s ,  t he  t r ans fe r  of 
e x t e r n a l  c h a r g e  i s  main ly  de te rmined  by  the  depth  of  space  charge  rela- 
t ive t o   t h e   t h i c k n e s s  of the   i r r ad ia t ed   s ample .   Fo r   po lye thy lene  
t e r e p h t h a l a t e  it was n o t  p o s s i b l e  t o  o b s e r v e  t h e  t r a n s f e r  o f  e x t e r n a l  
c h a r g e   f o r   1 . 0  m i l  samples. However f o r  0.75 m i l  polypropylene  and 1.0 
m i l  c e l l u l o s e  acetate t h e  t r a n s f e r  of e x t e r n a l  c h a r g e  was comparable 
t o  t h a t  f o r  1/4 m i l  p o l y e t h y l e n e   t e r e p h t h a l a t e .   T h i s   i n d i c a t e s   t h a t   t h e  
c h a r g e  s t o r a g e  e f f i c i e n c y  f o r  p o l y p r o p y l e n e  a n d  c e l l u l o s e  a c e t a t e  is  
much g r e a t e r   t h a n   t h a t   f o r   p o l y e t h y l e n e   t e r e p h t h a l a t e .  The marked 
s i m i l a r i t y  i n  t h e  o b s e r v e d  c h a r g e  release c h a r a c t e r i s t i c s  a n d  t h e  c h a r g e  
release mode l  fo r  t hese  f i lms  i s  a n  a d d i t i o n a l  f e a t u r e  of  t h e s e  r e s u l t s  
which may b e  u s e f u l  f o r  a c loser  examinat ion  of  charge  s torage  in  polymers .  
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Figure  4 - 5 .  Charge  Release  Measurements  for  Polypropylene  Film. 
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F i g u r e  4 . 6 .  Charge  Release  Measurements   for   Cel lulose  Acetate   Fi lms.  
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Chapter  V 
Discuss ion  and  Summary 
A phenomenologica l  descr ip t ion  of  spontaneous  d ischarge  assoc ia ted  
w i t h  e l e c t r o n  i r r a d i a t i o n  o f  a capac i to r - type  mic rometeo ro id  de t ec to r  
has '   been   a t t empted   i n   t h i s   r epor t .   Measu remen t s  o f  t h e r m a l l y  r e l e a s e d  
charge- -and  the  observa t ions  of  spontaneous  d ischarge  have  been  descr ibed  
and it r e m a i n s   t o   c o r r e l a t e   t h e s e   r e s u l t s .   B a s e d   u p o n   t h e   s i m p l e  no- 
r e t r a p p i n g  model f o r  t h e r m a l  r e l e a s e  o f  i r r a d i a t i o n  e l e c t r o n s  t h e  a s y m p t o t i c  
l i m i t  i n d i c a t e s  a v a l u e   o f   i n t e r n a l   f i e l d   o f  5 x 10 v/cm. In   conjunc-  
t i o n  w i t h  t h e s e  m e a s u r e m e n t s ,  a n  a p p l i e d  f i e l d  of 5 .6  X 10  v/cm was 
found to  overcome the space-charge effect  thereby providing a degree  of  
conf idence  in  the  cha rge  r e l ease  mode l .  
5 
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A d e t a i l e d  a n a l y s i s  o f  t h e  s p o n t a n e o u s  d i s c h a r g e  o b s e r v a t i o n s  u s i n g  
147 t h e  Pm s o u r c e   h a s   n o t   b e e n   p o s s i b l e .   T h i s  i s  p r i m a r i l y   d u e   t o   t h e  
l a c k  o f  p u l s i n g .  Less t h a n  50% of a l l  s a m p l e s  i r r a d i a t e d  y i e l d e d  p u l s e s .  
I n  a d d i t i o n ,  t h e  r e s u l t s  t h a t  were ob ta ined  ind ica t e  tha t  on  the  ave rage  
on ly  a small p a r t  o f  t h e  i r r a d i a t e d  volume of  the sensor  i s  i n v o l v e d  i n  
a s i n g l e   d i s c h a r g e  event. T h e s e   r e s u l t s   i n d i c a t e   t h a t   o n   t h e   a v e r a g e  
o n e  r e q u i r e s  3 . 2  x 1013 e/cm - p u l s e .  F o r  3 x 1014  e/cm2 u s i n g  t h e  
e l e c t r o n  gun the  cha rge  release measurements  approach the l imit ing solu-  
t i o n .  The r ep roduc ib i l i t y   o f   t hese   measu remen t s  was w i t h i n   t h e   s e n s i t i v i t y  
of   the   measur ing   technique .   This  i s  a n  i n d i c a t i o n  t h a t  a l a r g e  volume 
d i s c h a r g e  i s  n o t  a l i k e l y  e v e n t  u n d e r  t h e  s t a t e d  i r r a d i a t i o n  c o n d i t i o n .  
F ina l ly  dc  f i e ld  s t r eng th  measu remen t s  where  l a rge  cu r ren t  f l uc tua t ions  
a s soc ia t ed  wi th  de fec t  t ype  b reakdown were o b t a i n e d .  The v a l u e  o f  
6 . 6  X 10 v/cm i s  c e r t a i n l y  c o n s i s t e n t  w i t h  t h e  c h a r g e  release measurements 
2 
5 
I 
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and the  concepts  which  have  been  assoc ia ted  wi th  the  spontaneous  d is -  
cha rge  obse rva t ions .  
O the r  a spec t s  o f  spon taneous  d i scha rge  a s soc ia t ed  wi th  e l ec t ron  
i r r a d i a t i o n  o f  t he  capac i to r - type  mic rometeo ro id  de t ec to r s  have  been  
c o n s i d e r e d .  I n  g e n e r a l  t h e r e  a r e  i n s u f f i c i e n t  d a t a  t o  p r o v i d e  d e t a i l e d  
knowledge. However i t  seems a d v i s a b l e   t o   p r e s e n t  a somewhat s u b j e c t i v e  
a n a l y s i s  o f  t h e  o b s e r v a t i o n s  t o  da te  fo r  compar i son  wi th  r e su l t s  ob ta ined  
by  o the r s  
c a p a c i t o r  
t h e  i r r a d  i 
Var ious  dc  b ias  levels  up t o  100 v o l t s  w e r e  a p p l i e d  t o  t h e  
s t r u c t u r e  u n d e r  i r r a d i a t i o n .  The b i a s  w a s  a p p l i e d   s u c h   t h a t  
a t e d  e l e c t r o d e  was p o s i t i v e  f o r  some i r r a d i a t i o n s  a n d  n e g a t i v e  
f o r  o t h e r s .  T h e r e  h a s  b e e n  no  marked  charge i n  t h e  p u l s i n g  c h a r a c t e r -  
i s t i c s .  Less than  50% of  t h e   s a m p l e s   i r r a d i a t e d   u n d e r   b i a s   p u l s e d .  
A l so ,   t he   pu l se s  were i n  t h e  m i l l i v o l t  r a n g e .  Based  upon t h e  p r e s e n t  
da ta  there  appears  to  be  no  vol tage  dependence  for  the  puls ing  observed  
f o r  t h e  147Pm experiment .  
Edge e f f ec t s  a s soc ia t ed  wi th  the  geomet ry  o f  t he  i r r ad ia t ed  sample  
have   been   inves t iga ted .  It  was r e c o g n i z e d  e a r l y  i n  t h e  s t u d y  t h a t  b a r e  
i n s u l a t o r s  e x p o s e d  t o  t h e  e l e c t r o n  f l u x  c o u l d  o b t a i n  a s u b s t a n t i a l  s u r -  
f a c e  c h a r g e  w h i c h  c o u l d  r e s u l t  i n  a d i scha rge .  Th i s  has  been  no ted  fo r  
v a r i o u s  i n s u l a t i n g  materials s i m i l a r  t o  p o l y e t h y l e n e  t e r e p h t h a l a t e .  
T h e r e f o r e ,  t h e  e d g e  o f  t h e  c a p a c i t o r  s t r u c t u r e  was always  shielded  from 
t h e   p r i m a r y   e l e c t r o n   f l u x .  With varying  amounts  of  exposed  area ( i . e . ,  
n o t  m e t a l i z e d )  n e a r  t h e  e d g e  o f  t h e  c a p a c i t o r  s t r u c t u r e ,  however s h i e l d e d  
from t h e  p r i m a r y  e l e c t r o n  f l u x ,  no n o t i c e a b l e  d i f f e r e n c e  i n  p u l s i n g  
c h a r a c t e r i s t i c s  a s s o c i a t e d  w i t h  t h e  14’Pm experiment were noted .  
For  the charge release measurements  with samples  containing glue 
between the 1 m i l  aluminum e l e c t r o d e  a n d  t h e  1 1 4  m i l  po lye thy lene  
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terephthalate  dielectric,  preliminary  results  indicate  that  the  glue 
stores  more  charge  than  polyethylene  terephthalate.  This  statement  is 
predicated on the observation of charge  release where the  practical 
range of the  primary  electrons  is  beyond  the  thickness of the  irradiated 
electrode (- 6 . 2 5  x cm) and the polyethylene terephthalate 
(- 6 . 2 5  x cm) . The charge release measurements under these condi- 
tions  result  in an external  current  which  is  opposite in sign  and  much 
larger  than  that  for  polyethylene  terephthalate alone.  Further  inter- 
pretation  and  characterization  is  complicated  due  to  the  composite 
nature  of the  irradiated  structure.  However, it is of interest  to  the 
general  problem of  charge  storage  in  insulating  materials  and in par- 
ticular  to  ambiguous  signal  generation in the  capacitor  type  micrometeoroid 
detector  to obtain  samples  where  the  dielectric  region  is  glue  alone. 
One  area  of  the  present  investigation  which  has  not  yielded  useful 
data  is  the  attempt o activate  the  trapped  irradiation  electrons 
optically.  The  primary  difficulties are in  obtaining  an  intense  source 
of the  proper  wavelength  (longer  than 1 micron)  and an  electrode  material 
with  a low absorption  coefficient  at  the  proper  wavelength.  It  has  not 
been  possible  to  pursue  the  matter  in  great  detail,  however it may  be 
necessary  to  attempt  further  studies in this  area  to obtain  more infor- 
mation  about  the  distribution  of  traps  with  energy. 
It has  been  suggested  that  proton  penetration  of  the  micrometeoroid 
detector  in a  space  environment  may  be  expected  to  result  in a  temporary 
conducting  path  established  by  the  high  ionization  density  along  the 
track of the  proton. This effect  has  been  considered in  a  greatly  over- 
simplified  manner  in  Appendix D. The  estimates  of  the  parameters 
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necessary to consider  the  problem  qualitatively  are  worst  case  with 
respect to obtainiqg  a  conducting  path  through t e polyethylene  tere- 
phthalate.  The  results  of  the  analysis  indicate  that  the  effects  due 
to proton  irradiation will be  quite  similar to  the  electron  irradiation 
effects  with  respect to ambiguous  signal  generation. 
A s  a  result  of  these  investigations  certain  aspects  of  charge  stor- 
age  and  spontaneous  discharge  have  been  identified  where  a  more  detailed 
knowledge  is  required.  Possibly  the  most  important of these  from  a 
practical  viewpoint  is  the  reason  for  less  than 50% of the  samples  puls- 
ing, It is quite  possible  that  the  flux  rate  of  the 14'Pm is  such  that 
an  equilibrium  between  the  trapping  and  thermal  release  of  irradiation 
electrons  occurs  which  results  in  an  internal  field  which  is  insufficient 
to initiate  defect  type  discharge  events. A great  deal  of  understanding 
in  this  area  can  be  obtained  through  the  following  suggested  experimen- 
tal  program. 
A .  Electron  Accelerator  Experiment 
1. Irradiate  structures  which  show  no  tendency to  pulse when 
exposed  to 14' Pm source  in  order to determine  if  the  struc- 
ture  is  also  non-pulsing to a  high  energy  monoenergetic  flux 
of  electrons. 
2. Determine  whether  environmental  testing  using  a  monoenergetic 
beam  is  more  conducive  to  pulsing  than  testing  with  a  distributed 
energy  Spectrum  source. 
3 .  Correlate pulsing for monoenergetic electron irradiation with 
electrode  thickness  and  beam  current  density. 
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B. Beta  Source  Experiment 
1. Characterize  the  saturation  effect by  studying  trapping  and 
thermal  release  of  electrons  from  distributed  energy  source. 
To analyze  the  data  obtained  from  the  charge  release  measurements 
one must use  a  model  which  implies  a  phenomenological  understanding. 
Therefore it is necessary to obtain  more  confidence  in  the  simple  no- 
trapping  concept  used in the  present work. This  can  be  accomplished 
through  the  following  suggested  experimental  program  associated  with 
the  electron  gun: (1) obtain  a better  estimate of the  mean  range of 
an  electron  thermally  released  from  a  trap, (2) perform  more  low  temp- 
erature  measurements to evaluate  the  temperature  dependence  of  charge 
release, (3)  extend  the  sensitivity and  integration  time for  the 
measurement  technique,  and ( 4 )  investigate  the  trapping  and  thermal 
release  of  irradiation  electrons  in  structures where the  thickness of 
the  dielectric  can  be  varied  from  0.1 - 5 microns, 
Assuming  these  goals  can  be  obtained  one  should  expect  a  more 
detailed  insight  into  the  spontaneous  discharge  event  such  that  ambiguous 
signal  generation  associated  with  electron  irradiation  of  capacitor- 
type  micrometeoroid  detectors  can  be  fully  evaluated. A s  a  result,  one 
should  be  able  to  determine whether  or not  the capacitor-type  structure 
can  be  a  reliable  detector of micrometeoroids in a  space  environment. 
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Appendix A 
T r a n s f e r  t o  External Charge Due to  Space Charge Decay 
For  a d i s t r i b u t i o n  o f  t r a p p e d  e l e c t r o n s  w h i c h  varies w i t h  d i s t a n c e  
through the media and i s  u n i f o r m  i n  c r o s s  s e c t i o n ,  a one dimensional 
s o l u t i o n  o f  P o i s s o n ' s  e q u a t i o n  f o r  a s l o w l y  v a r y i n g  c h a r g e  d i s t r i b u t i o n  
a,> = - 9 5 (x, t) E(x  t 
E (A. 1) dX 
d e s c r i b e s  t h e  e l e c t r i c a l  f i e l d  
n e t  c h a r g e  d i s t r i b u t i o n  i n  t h e  
w i t h i n   t h e  material where  (x, t) i s  t h e  
p o l y e t h y l e n e   t e r e p h t h a l a t e   f i l m .   R e f e r -  
e n c e d  t o  t h e  z e r o  f i e l d  p o i n t  x. which i s  a func t ion  o f  t ime  and  pos i t i ve  
x as shown i n  F i g u r e  2 . 8 ,  o n e  c a n  d e s c r i b e  t h e  e l e c t r i c  f i e l d  d i s t r i b u -  
t i o n  b y  
E(x ,  t)  = - (x, t) dx . 
f o r  a sample of  thickness  d and the electrodes grounded 
or 
Jo Jx (t) x Lt (2, t) dzdx = 0 . 
0 
This can  be  used  to  de t e rmine  the  ze ro  f i e ld  po in t  fo r  a g i v e n  d i s t r i -  
b u t i o n  it (x, t) . The s u r f a c e  c h a r g e  d e n s i t y  a t  t h e  u n i r r a d i a t e d  e l e c t r o d e  
can be expressed as 
where  the  upper  l i m i t  c o r r e s p o n d s  t o  t h e  e l e c t r o d e  o f  i n t e r e s t .  A s  t h e  
-68-  
space  charge  decays ,  the  sur face  charge  changes  accord ing  to  Equat ion  
(A.4). I f  t h e  s p a c e  c h a r g e  o n  b o t h  s i d e s  o f  t h e  z e r o - f i e l d  p o i n t  d e c a y s  
p r o p o r t i o n a l l y  i n  time, t h e r e  w i l l  be no e x t e r n a l  t r a n s f e r  o f  c h a r g e  
be tween  the   e lec t rodes .  However, i f  t h e  d e c a y  r e s u l t s  i n  n e t  c h a r g e  
pairs on t h e  e l e c t r o d e s ,  e x t e r n a l  c h a r g e  t r a n s f e r  w i l l  occur  and can be 
e x p r e s s e d  i n  terms o f  t h e  moving z e r o - f i e l d  p o i n t .  The t o t a l  c h a n g e  i n  
s u r f a c e  c h a r g e  w i t h  r e s p e c t  t o  time i s  
The s u r f a c e  c h a r g e  a t  the  e l ec t rode  boundar i e s  can  be  expres sed  by  
(A.6) 
where the f i rs t  term r e p r e s e n t s  t h e  n e t  c h a r g e  p a i r s  w h i c h  m u s t  b e  t r a n s -  
f e r r e d  t h r o u g h  t h e  e x t e r n a l  c i r c u i t ,  t h e  s e c o n d  term r e p r e s e n t s  t h e  
s p a c e  c h a r g e  w h i c h  r e a c h e s  t h e  u n i r r a d i a t e d  e l e c t r o d e  a n d  t h e  t h i r d  
term r e p r e s e n t s  t h e  s u r f a c e  c h a r g e  o n  t h e  u n i r r a d i a t e d  e l e c t r o d e  a t  
t = 0. T h e r e f o r e ,   t h e   t r a n s f e r   o f   e x t e r n a l   c h a r g e   c a n   b e   e x p r e s s e d  as 
dQext ( t )  = qAnt (xo , t) dxo . 
The d i f f i c u l t y  i n  a p p l y i n g  E q u a t i o n  (A.7) u s u a l l y  i n v o l v e s  t h e  d i s t r i b u -  
t i o n  it (x t) . 
0) 
I n  some ins tances  an  approximat ion  to  the  maximum v a l u e  f o r  E q u a t i o n  
(A.7) can be obtained by assuming that a l l  t h e  e l e c t r o n s  r e l e a s e d  from 
t r a p s  arrive a t  t h e  i r r a d i a t e d  e l e c t r o d e  w i t h o u t  b e i n g  r e t r a p p e d .  F o r  
t h e  p r e s e n t  work t h e  t r a p p e d  e l e c t r o n  d i s t r i b u t i o n  r e s u l t i n g  from the 
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s topp ing  o f  p r imary  e l ec t rons  and  the  in j ec t ion  o f  s econdar i e s  f rom the  
e l e c t r o d e s  w i l l  be assumed t o  b e  u n i f o r m  w i t h  d i s t a n c e  i n t o  t h e  p o l y -  
e t h y l e n e  t e r e p h t h a l a t e  f i l m  e x t e n d i n g  f r o m  t h e  i r r a d i a t e d  s u r f a c e  t o  
t h e  practical  r a n g e  o f  t h e  p r i m a r i e s .  The  geomet ry  o f  t he  i r r ad ia t ed  
sample i s  shown i n  F i g u r e  3 - 1 .  F o r  t h e  s t a t e d  a s s u m p t i o n s  t h e  maximum 
e x t e r n a l  c h a r g e  t r a n s f e r  w i l l  depend upon the  sur face  charge  dens i ty  
(u2) o n   t h e   u n i r r a d i a t e d   e l e c t r o d e .   F u r t h e r m o r e ,   a s s u m i n g   i r r a d i a t i o n  
has  ceased  and  tha t  ne t  cha rge  pa i r s  c a n  f l o w  t h r o u g h  a n  e x t e r n a l  c i r c u i t  
where IEI x=d i s  t h e  m a g n i t u d e  o f  t h e  e l e c t r i c  f i e l d  a t  the  po lye thy lene  
t e r eph tha la t e  boundary  a t  t h e  u n i r r a d i a t e d  e l e c t r o d e .  
To c a l c u l a t e  t h e  e l e c t r i c  f i e l d  r e s u l t i n g  f r o m  t r a p p e d  i r r a d i a t i o n  
e l e c t r o n s ,  c o n s i d e r  t h e  s i m p l e  m d e l  i n  F i g u r e  3-1  where the diameter  
o f   t h e   i r r a d i a t e d   a r e a  A i s  much g r e a t e r   t h a n   t h e   t h i c k n e s s   d .   E l e c t r o n s  
a r e   i n j e c t e d   a t  x = 0, u n i f o r m l y   a c r o s s   t h e   a r e a  A It i s  assumed 
t h a t  a l l  o f  t h e s e  e l e c t r o n s  a r e  s t o p p e d  w i t h i n  a d i s t a n c e  d l  i n  t h e  p o l y -  
e h t y l e n e  t e r e p h t h a l a t e  a n d  r e s u l t  i n  a uni form charge  dens i ty  p f o r  
x < dl   and   charge   dens i ty   zero   for  x > d There   by   Poisson ' s   equa t ion  
1 
1' 
1' 
v v  = 0 2 d l < x < d .  - (A. 10) 
Using  the  boundary  cond i t ions  tha t  t he  po ten t i a l  i s  z e r o  a t  the  ex t reme 
boundar ies  
V(0) = V(d) = 0 
IL 
-70- 
a n d  t h a t  t h e  d i s p l a c e m e n t  v e c t o r  is cont inuous  across  the  boundary  a t  
x = d t h e  e lec t r ic  f i e l d  i n  t h e s e  two r e g i o n s  i s  1' 
q!t dl  dl E = - -  
€ 
[X = -  (d - ,)I d O < x < d l  "
There fo re  
(A.  11) 
(A.  12) 
(A. 13) 
Equat ion  (A.13)  can  be  used  to  re f lec t  the  asymmetry  cons idera t ions  
f o r  t h e  s t a t e d  a s s u m p t i o n s  when one is  i n t e r e s t e d  i n  t h e  release of 
e l e c t r o n s  from t raps  over  a time i n t e r v a l  w h i c h  p e r m i t s  m o s t  o f  t h e  
space charge  to   decay  toward a c h a r g e  n e u t r a l  c o n d i t i o n  t h r o u g h o u t  
t h e  p o l y e t h y l e n e  t e r e p h t h a l a t e  f i l m .  
I 
-7 1.- 
Appendix B 
Thermal Release of  Trapped  Elec t rons  
For a s i n g l e  t r a p p i n g  level the  decay  of  t rapped  e lec t rons  where  
r e t r a p p i n g  i s  n e g l i g i b l e  may b e  w r i t t e n  as 
where P i s  the  p robab i l i t y  o f  an  e l ec t ron  e scap ing  f rom a t r a p  s i te .  
The s i m p l e  s o l u t i o n  f o r  P independent of time i s  
I f  t h e  e n e r g y  level o f  a t r a p p e d  e l e c t r o n  i s  E ev below the conduction 
band the  e lec t ron  must  absorb  a t  least  E ev of  thermal  energy  before  
i t  can  e scape  the  t r ap .  The p r o b a b i l i t y  P of   an   e lec t ron   escaping   f rom 
a t rap  of  depth  E a t  tempera ture  T i s  of  the form 
P = s e  -E/kT 
where s i s  an  a t tempt  to  escape  f requency  de termined  by  the  number of  
times p e r  s e c o n d  t h a t  t h e  e l e c t r o n  c a n  a b s o r b  e n e r g y  a n d  e -E/kT i s  t h e  
B o l t z m a n n  f a c t o r  r e p r e s e n t i n g  t h e  p r o b a b i l i t y  t h a t  a n  e l e c t r o n  w i l l  
have  the  necessary  energy  to  be  f reed  f rom the  t rap .  For  polye thylene  
t e r e p h t h a l a t e  a v a l u e  of s = 9 x 10" seconds  has  been  determined 
f rom x- ray  induced  conduct iv i ty  s tud ies .14  Therefore  the  number of  
e l e c t r o n s  p e r  cm3 i n  t r a p s  may be  expressed  as 
-1 
where Et i s  the  t rap  depth  measured  f rom the  conduct ion  band.  
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I f  t h e  t r a p p i n g  sites a r e  d i s t r i b u t e d  i n  e n e r g y  s u c h  t h a t  a con- 
t i n u o u s  f u n c t i o n  c a n  b e  u s e d  t o  d e n o t e  t h e  number p e r  cm3 p e r  e l e c t r o n  
v o l t  below the  conduct ion  band,  an  express ion  ana logous  to  Equat ion  (B.4) 
can  be  obtained.   For   each  uni t   energy  level   below  the  conduct ion  band 
t h e  number o f  t r a p p e d  e l e c t r o n s  p e r  cm3 i s  
The  number o f  t r a p p e d  e l e c t r o n s  p e r  cm3 a t  t = 0 as a func t ion  o f  pos i -  
t i o n  i n  t h e  m a t e r i a l  c a n  b e  o b t a i n e d  i n  terms o f  quas i -Fe rmi  l eve l  
E (x)  assuming  the t r ap  d i s t r i b u t i o n  Nt i s  known.  The quasi-Fermi 
l eve l  co r re sponds  to  the  ene rgy  wi th  r e spec t  t o  conduc t ion  band  o f  t he  
fn  
h i g h e s t  f i l l e d  
these  concep t s  
t r a p p i n g  levels and i s  a f u n c t i o n   o f   p o s i t i o n .   U s i n g  
dNt  -
dE dE 
where E f o  i s  the   equi l ibr ium  Fermi  level f o r   d a r k   c o n d u c t i v i t y .  Combin- 
ing  Equat ions  (B.5)  and (B.6) a n d  i n t e g r a t i n g  w i t h  r e s p e c t  t o  e n e r g y  
y i e l d s  
E f o  dNt - s t e  -E/kT 
"t t, = J E  (x) dE -e dE. 
f n  
(B.7) 
Qual i ta t ive  d e s c r i p t i o n s  o f  p h o t o c o n d u c t i v e  p r o c e s s e s ,  28 space  charge  
decay2 '  and x-ray induced conduct ivi ty14 have been obtained for  var ious 
m a t e r i a l s  u s i n g  a un i fo rm d i s t r ibu t ion  where  
I 
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The  constant  B/kT  appears in this  particular  form as a matter of con- 
vience  in  the  present  work. 
C 
For  the  uniform  distribution one obtains  using  Equations (B.7) and 
(B 8) 
E fo - B .-ste dE. -E/kT nt (x, t, = I, (x) kT 
fn C 
Using  the  assumption  of  uniform  trapping  from  the  irradiated  surface 
to the  practical  range r of the  primary  electrons,  the  quasi-Fermi 
level  is  constant  for x < r and E (x) = E for x > r . Using  this 
result,  and  introducing a change  in  variable  where y = ste 
x < r  
0 
0 fn  fo 0 
-E/kT for 
0' 
(B. 10) 
Denoting  st = a, e -E fn/kT = B, e -EfO'kT = a ,  and T/Tc = my one  obtains 
nt (t) = Bm J 
This  can  also be  expressed  as 
(B. 11) 
(B.  12) 
which  results  in  the  difference  between two exponential  integrals  where 
numerous  tabulated  solutions  exist .30 Before  indicating  the  solutions 
of interest,  the  limiting  values  should  be  investigated.  Referring to 
Equation (B.9) one  readily  sees  that 
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lim  nt (x, t) = - 
t 4  
B 
kTC 
[Efo - Efn(X)I , (B. 13) 
and  lim  nt  (x, t) = 0. 
t- 
A generalized  solution  for  Equation (B.12) can be conveniently 
obtained by relating  the  lower  limits of integration. For all  values 
of t + 0, the  limits  are  related  by  a  constant  depending  upon  the  energy 
difference  between  the  equilibrium  Fermi  level  and  the  quasi-Fermi  level. 
Denoting  the  ratio E = y Equation (B. 12) can  be  written as a 
(B.  14) 
A family of solutions  can be  obtained  after one  determines  the  range 
of interest  for  the  lower  limit of integration aa: in the  first  integral. 
A plot of the  solution to the first  integral  is  shown i  Figure B - 1  
where y > lo4 and < aa < 1. For  t > 60 seconds and s = 9 x 10 
second , this  solution  applies  for  equilibrium  Fermi-level  values  in 
the  range  from 0.75 ev  to 0.95 ev. Solutions  for  Equation (B.14)  for 
values of y < lo4 are  of  interest  and  can be obtained by  taking the 
difference  between  the  portions  of  the  curve  for y -> 4 which  correspond 
to  the  solutions  of  the  two  integrals.  This  procedure was used to 
generate  the  family of curves  where y is a  parameter. 
10 - - - 
-1 
Using  Figure B-1, the  thermally  released  electrons  per  cm3  can  be 
determined  as  a  function of time. In general it is  inconvenient to 
observe the space  charge  decay  immediately  after  electron  irradiation 
has  ceased. The elapsed  time (T) is  determined  by  practical  considera- 
tions.  Therefore  the  electrons  per  cm3  thermally  released as’a function 
of  time  during  the  measurement  period  is 
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1 
l x  
l x  
7 E f o  - E f n  
10 0.06 
102 0.12 
103 0.17 
104 0.23 
f o r  T = 26OC 
7 = 10 1 
0 1 . 0  2.0 3 . 0  4.0 5 .0  6 .0  7 . 0  
nt (t)/Bm 
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as shown f o r  n o r m a l i z e d  v a l u e s  i n  F i g u r e  B-1 .  A l t h o u g h  t h e  v a r i a b l e s  
are n o r m a l i z e d ,  t h e  r e s u l t s  c l e a r l y  i n d i c a t e  t h e  d e p e n d e n c y  o f  t h e  
re leased  charge  upon y .  
It  i s  p o s s i b l e  t o  o b t a i n  a n  a p p r o x i m a t e  s o l u t i o n  f o r  n (t) i f  r 
y > 10 and 0.001 < acz: < 0 .1 .  Under  these  cond i t ions  the  second  in t eg ra l  
i n  E q u a t i o n  ( B . 1 2 )  c a n  b e  n e g l e c t e d  w i t h  r e s p e c t  t o  t h e  f i r s t  i n t e g r a l .  
The re fo re  
4 - - - 
n t   ( t )  e 
'v $" - dy 0.001 < aa < 0.1  . - Y  
Bm - a a y  - - (B. 16) 
C a r r y i n g  o u t  t h e  i n t e g r a l  i n  two p a r t s  t o  o b t a i n  
a n d  i n t r o d u c i n g  t h e  v a l u e  o f  t h e  d e f i n i t e  i n t e g r a l  f r o m  t a b l e s 2 '  y i e l d s  
T h e  r e m a i n i n g  i n t e g r a l  c a n  b e  i n t e g r a t e d  b y  p a r t s  t o  y i e l d  t h e  series 
(B. 19)  
For   0 .001 - < aa - < 0 . 1   o n l y   t h e   f i r s t  term o f   t h e  series i s  n e e d e d   f o r   t h e  
a c c u r a c y   d e s i r e d .   T h e r e f o r e  
(B .20) 
F o l l o w i n g  t h e  p r o c e d u r e  o f  E q u a t i o n  ( B . 1 5 ) ,  a n d  r e c a l l i n g  t h e  d e f i n i t i o n  
-77-  
a = s t  t h e  e l e c t r o n s  r e l e a s e d  p e r  cm3 as a f u n c t i o n  o f  time for 7 2 10 4 
can be expressed as 
n r ( t )  = Bm Pn - t 
7 ’  
This  so lu t ion  co r re sponds  t o  t h e  c u r v e  f o r  y 2 10 in F i g u r e  B - 2 ,  and 4 
w i l l  p r o v e  u s e f u l  i n  i n f e r r i n g  c e r t a i n  a s p e c t s  o f  e l e c t r o n  t r a p p i n g  f o r  
t h e  u n i f o r m  d i s t r i b u t i o n  o f  t raps .  
L 
- 7 8" 
1 
1 x l o - .  
1 x lo- '  
c 
6 -  
4 -  
2 -  
1 - 
6 -  
4 -  
6 -  
4 -  
2 
, 
y = 10 
1.0 2 . 0  3 . 0  4.0 5.0 6.0 
nr ( t> /Bm 
Figure  B-2. Normalized  Thermal Release of Trapped   Elec t ron   Dens i ty  vs 
Normalized Time fo r  Un i fo rmly  Di s t r ibu ted  Trap  Dens i ty .  
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Appendix C 
p - F l u x  C a l c u l a t i o n s  f o r  t h e  147Pm Source 
C.  1 Energy  Spectrum 
The d i f f e r e n t i a l  e n e r g y  s p e c t r u m  f o r  t h e  147Pm source  of F igu re  3 .6  
was s u p p l i e d  by Oak Ridge  Nat iona l  Labora tory .  The  to ta l  ac t iv i ty  
o r i g i n a l l y  s u p p l i e d  was nominally 70  c u r i e s  (S = 2.6 X lo1* e l s e c )  . 
I d e a l l y  t h e  s h a p e  o f  t h e  l o w  energy spectrum could be approximated by 
e x t r a p o l a t i n g   t h e   s l o p e   a t   a r o u n d  25 kev .   In   p rac t i ce ,   however ,   one  
o b t a i n s  a c o n s i d e r a b l e  number of  secondary  e lec t rons  of  negl ig ib le  pene-  
t r a t i n g  power which a r e  e j e c t e d  from t h e  s u r f a c e  of t he   sou rce .   Cur ren t  
measurements such a s  t h o s e  from a Faraday  cage  in  a  vacuum  would  measure 
t h e s e  e l e c t r o n s  w h e r e a s  a p a r t i c l e  d e t e c t o r  would not observe them due 
t o   t h e   t h i c k n e s s  of  i t s  dead   layer .   Thus   the   d i f fe ren t ia l   energy   spec t rum 
i s  c r i t i c a l  i n  comparing the response of  one detect ion method to  another .  
0 
C . 2  Faraday  Cage  Current  Measurements 
S i n c e  p - p a r t i c l e s  e v e n t u a l l y  s l o w  down t o  t h e r m a l  e l e c t r o n s ,  t h e  
to t a l  f l ux  can  be  de t e rmined  by current  measurements  in  a good geometry 
sys t em.  Sucha  system i s  the  Faraday  cage shown i n   F i g u r e  C - 1 .  The 
cu r ren t  pas s ing  th rough  the  sma l l  ho le  of  d iameter  D i s  given by t h e  
equa t ion  
- U  X - .693 t /TI l2  
I = S G f  e e (C. 1) 0 0  o b  
where S - t o t a l  a c t i v i t y  o f  t h e  s o u r c e  a t  t h e  d a t e  of f a b r i c a t i o n ,  
0 
t - t i m e  a f t e r  f a b r i c a t i o n ,  
T - d e c a y  h a l f - l i f e  of sou rce ,  
112 
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-u x 
0 0  e - s e l f   a b s o r p t i o n   a n d   a t t e n u a t i o n  of source   cover ing ,  
f b  - b a c k s c a t t e r  f a c t o r  ( f o r  147Pm on  magnesium s i l i c a t e  o r  a l u m i -  
num f 1.17), b -  
G - g e o m e t r y  e f f i c i e n c y .  
The  geomet ry  e f f i c i ency  fo r  a p o i n t  s o u r c e  i s  g iven  by 
where dR i s  t h e  s o l i d  a n g l e  i n t e r c e p t e d  by t h e  d e t e c t o r .  Thus f o r  a 
s u r f a c e  d i s t r i b u t e d  s o u r c e  t h e  g e o n e t r y  e f f i c i e n c y  i s  given by 
where s = s u r f a c e  d e n s i t y  of t h e  s o u r c e .  
F o r  u n i f o r m  d i s t r i b u t i o n  i t  i s  s i m p l y  
For  the geometry of  Figure C.l where 
D << d 
and 
we ob ta in  
D 2 
16d2 
G = -  
I 
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1 
+ Outer 
Shield 
I 
Inner 
d 
v- 
so1 :ce 
Figure  C-1. Cross Section  of  Faraday  Cage  Arrangement 
of 8-flux. 
for Measurement 
L 
- 82" 
C a l c u l a t e  G: 
D = 1/8" 
1 
16(33.06)64 G =  1 -k 4(3:i06g  2(33.06) 
= .289 X 10 -4  
-u  x 
The undetermined factor  is  S e , bu t  we can  assume  the  nominal 
v a l u e   f o r  S . From Equation  (C.  1) 
0 0  
0 
0 
-u x 
O Q  e 
t .693 - 
112 
Ie - 
T 
S Gf,, 
0 
We can now c a l c u l a t e  t h e  s e l f  a b s o r p t i o n  term i f  we measu re  the  cu r ren t  
pas s ing  th rough  the  ho le  in  the  Fa raday  cage .  Us ing  the  fo l lowing  va lues  
I = .24 x 10 amp 
e -*693t1T1/2=  0.81 
S = 2.6 x lo1'. e / s e c  
G = ,289 X 10 
€ = 1.17 
- 11 
0 
- 4  
b 
we o b t a i n  
-u x 
0 0  e = 0.210 . 
L e t  u s  d e f i n e  5 :  
-0.693 - t -u x T 
e = S e  f e  0 0  112 
0 b 
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Then 5 i s  t h e  e f f e c t i v e  s o u r c e  a c t i v i t y .  From t h e  a b o v e  r e s u l t s  w e  g e t  
5 = 13.8 c u r i e s  . 
C.3   Ca lcu la t ions   fo r   C i r cu la r   D i sk   Source   and  Sample 
The parameters of  F igure  C-2 a r e  u s e d  t o  compute the geometry 
e f f i c i e n c y  f o r  a source  and  sample  having  the  shape  of  a c i r c u l a r  d i s k .  
When y < 1 and c < b w e  can  use  the  fo l lowing  equat ion  which  i s  
t h e  f i r s t  terms o f  a power s e r i e s  o f  y .  31 
G = 0.5[1  - 1 
(1 + p)lI2 
3p y 2 58 3 58 2 
512 - (- + 
8 ( 1  + 8)  16(1 + p ) 7 / 2  64(1 + p) 9/2) 
3 3 5g 3 156 2 
- Y (  + (C. 8) 
128(1 + 8)  9'2 - 256(1 + p) 1024(1 + 8 )  
F o r  t h e  p a r t i c u l a r  c a s e  w h e r e  c > b w e  u s e - t h e  e x a c t  e x p r e s s i o n  
f o r  G .  32 
n n 
1 b+c b' - l R L .  b - c  2 2 2 2 2 C - l R  + c 2 - b  
+- 'c-b k 'Os ( 2Rb I - -  2 s i n  ( ZRc 1 
- a4/4R2b2 - (R 2 + b  2 - c 2 2  ) ) RdR 
(R + a )  
2 312 ' 
The i n t e g r a l  is eva lua ted  numer i ca l ly .  
Current measurements were taken from a p la t e  hav ing  the  geomet ry  
of  F igure  C . 2  and compared wi th  pred ic t ions  based  on  the  Faraday  cage  
measurements.  The c r i t i c a l  dimensions were 
I r r a d i a t e d  
Sur   face I 
Source I 
a 
F i g u r e  C - 2 .  Geometry f o r  D i s k  S o u r c e  a n d  I r r a d i a t e d  S u r f a c e .  
c -  
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r e s u l t i n g  i n  a value o f  G = 0.0154. 
I c a l c  = 0.0154 x 0.511 x 1 0 l 2  x 1.6 x lo-'' amp 
= 1.26 X 10- amp . 9 I c a l c  
The measured current was 
= 1 . 2  X -10 amp . - 9  'meas 
Therefore  current  measurements  on a b a r e  d i s k  compare f a v o r a b l y  w i t h  
the current  measurements  of  the Faraday cage and can be used to i n d i c a t e  
t h e  e l e c t r o n  f l u x  i n  t h e  s a m p l e .  T h i s  i s  convenient when the   source   and  
d e t e c t o r  a r e  v e r y  c l o s e  b e c a u s e  o f  t h e  d i f f i c u l t y  o f  s o l v i n g  E q u a t i o n s  
( C . 8 )  and (C.9). 
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Appendix D 
Ambiguous  Signal  Generation Due to Proton  Irradiation 
With  respect  to  the  discharge  along  the  tract of a  proton,  one  can 
at  least  propose an analog  which  will  allow  qualitative  arguments. 
Assuming  the  charge  that  is  stored on the  electrodes  of  the  capacitor 
is  to  be  transported  through  the  ionization  track of  a  proton,  the  con- 
ductivity  of  the  path  will  determine  the  magnitude  of  the  discharge 
pulse  since  the  time  constant of  discharge  is  the  product of the  capaci- 
tor of  the  detector  and  the  resistance  of  the  discharge  path. Of course 
the  limiting  value  for  the  discharge  pulse  amplitude  is  determined  by 
the  ratio  of  the  time  constant o f  the  discharge  path  and  the  lifetime 
of the  ionized  media.  For  this  simple  interpretation  the  time  constant 
for  discharge  can  be  written as 
where E = 2.6 X farads/cm 
A = electrode  area  in an2 (z 100 cm ) 
n = carrier  density  along  the  track of the  proton (= lo2' along 
2 
the  tract o f  a  fission  fragment  in  silicon) 
q = electronic  charge 
p = mobility  of  carrier (Fowler's estimate by x-ray  induced  con- 2 
1 ductivity  studies cm2 V- sec-') 
a = cross  section of the  columnar  ionization 
Using  the  aforementioned  values  which  represent  a  conservative  estimate 
of T one  finds 
-87- 
The  total  lifetime of free  electrons (T) in 
tion  lies  between 10 and 10'' seconds  for - 7  
as  estimated  by  Fowler.  Therefore  the  rati 2 
contributing to  the  conduc- 
polyethylene  terephthalate 
o TIT a. The interpreta- 
ti-on of this  analog  depends  upon  the  extension of the  ionization  along 
the  track  of  the  proton. In addition,  it  is  assumed  that  this  extension 
can  be  characterized by an effective  distance  within  which  the  density 
of  ionized  carriers  is  approximately 10 cm . A reasonable  upper  limit 20 - 3  
for  "a"  based on the  aforementioned  restraints  is 10 cm . Using  these -4  2 
approximations  one  finds 
or  a  charge  transport (AQ) less  than  0.01% of the  stored  charge ( Q o ) .  
Therefore, it appears  that  an  individual  proton  track  will  not  yield 
a  significant  discharge  pulse. 
The  next  consideration  is  for  a  flux  of  protons  with  sufficient 
energy to penetrate  the  detector.  Assuming  the  flux  to  be 10 
protons/cm2  sec  there  would  be  a  charge  drain of less  than  l%/sec 
4 
since it is  anticipated  that  the  recharge  time  constant is considerably 
less  than 1 sec  and  more  like 10 seconds.  Again  the  charge  deviation -4  
on the  electrodes  will  draw  a  small  amount of charge  from  the  power 
SUPP 1Y * 
It is quite  obvious  that  this  discussion  is  greatly  oversimplified. 
First  the  ionization  track  acts  more  like  a  plasma  in  a  strong  electric 
field so that  conduction  through  the  plasma  does  not  occur  precisely  as 
has  been  described.  Secondly,  there  will  be  recombination  along  the 
.” .- . .. .”- . ”- - ”- 
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plasma which w i l l  r educe   t he   cha rge   dens i ty .   Th i rd ly   t he   co lumnar  
i o n i z a t i o n  w i l l  no t  be  uni form over  the  assumed d imens ions  but  w i l l  
d e c r e a s e  f r o m  t h e  v a l u e  a l o n g  t h e  t r a c k  o u t  t o  t h e  p a t h  l e n g t h  of  t h e  
& r a y s .  L a s t l y ,  c o l l e c t i o n  o f  t h e  more mobile  car r ie r  a t  one of t h e  
e l ec t rodes  and  t r app ing  o f  bo th  the  ho le  and  e l ec t ron  w i l l  r educe  t rans-  
p o r t   t h r o u g h   t h e   d e t e c t o r   o f   t h e   c h a r g e   s t o r e d   o n   t h e   e l e c t r o d e s .  A l l  
o f  t h e  f a c t o r s  w i l l  t end  t o  r educe  the  magn i tude  o f  a d i s c h a r g e  p u l s e  
assumed t o  o r i g i n a t e  t h r o u g h  t h e  mechanism o f  a temporary conduct ing 
p a t h  e s t a b l i s h e d  by t h e  h i g h  i o n i z a t i o n  d e n s i t y  a l o n g  t h e  t r a c t  o f  t h e  
p ro ton .  
One s h o u l d  c o n s i d e r  t h e  c h a r g e  t h a t  c a n  b e  c o l l e c t e d  by t h e  e l e c t r i c  
f i e l d  i n  t h e  d e t e c t o r  a n a l o g o u s  t o  s e m i c o n d u c t o r  n u c l e a r  p a r t i c l e  d e t e c -  
t o r s .  However t h e   c a r r i e r   l i f e t i m e  i s  s o  s h o r t  (< 10 s e c )   a n d   t r a p  
d e n s i t y  so h igh  (> 10 c m  ) t h a t  i t s  r e s p o n s e   t o   c h a r g e  p a r t i c l e s  
would  be  qui te   complicated.  However, o n e   w o u l d   n o t   i n t u i t i v e l y   e x p e c t  
t he  cha rge  co l l ec t ion  e f f i c i ency  to  approach  tha t  fo r  s emiconduc to r  
n u c l e a r  p a r t i c l e  d e t e c t o r s .  The v o l t a g e   p u l s e   a p p e a r i n g   a c r o s s   t h e  
d e t e c t i o n  e l e c t r o n i c s  f o r  t h e  c h a r g e  s e n s i n g  t e c h n i q u e  i s  
- 7  
16 - 3  
where Q i s  t h e  t o t a l  c h a r g e  l i b e r a t e d  b y  t h e  p a r t i c l e  i n  t h e  d e p l e t i o n  
r eg ion   and  C i s  t h e  sum o f   t h e   d e t e c t o r   c a p a c i t a n c e   a n d   e x t e r n a l  
s h u n t   c a p a c i t a n c e .   F o r   p r o t o n s   i n   t h e   r a n g e   o f   i n t e r e s t   t h e   v o l t a g e  
t o t  
p u l s e  i n t o  a b o u t  50 pf  would  be i n  t h e  m i l l i v o l t  r a n g e .  T h e r e f o r e  
-89- 
are c o l l e c t e d .  The cha rge   s to red   on  a 1 0   f a r a d   d e t e c t o r   b i a s e d  a t  
1 0  v o l t s  i s  
-8 
Q, = coulombs 
s o  t h a t  t h e  d e v i a t i o n  i s  a g a i n  i n s i g n i f i c a n t  w i t h  r e s p e c t  t o  t h e  s e n -  
s i t i v i t y  d e s i r e d  t o  d e t e c t  t h e  p u l s e s  f r o m  m i c r o m e t e o r o i d  i m p a c t .  
Problems  which seem more s i g n i f i c a n t  w i t h  r e s p e c t  t o  p r o t o n  
i r r a d i a t i o n  a re  t h e  s e c o n d a r y  e l e c t r o n s  i n j e c t e d  f r o m  t h e  aluminum 
f r o n t  p l a t e  a n d  i o n i z e d  c h a r g e  t r a p p i n g  i n  t h e  m y l a r .  However each  of  
t h e s e  e f f e c t s  i s  c o n s i d e r e d  i n  t h e  e l e c t r o n  i r r a d i a t i o n  s t u d y  a n d  i t  
a p p e a r s  f r o m  p r e s e n t  d a t a  t h a t  t h e  p r o t o n s  w i l l  have  abou t  t he  same 
e f f e c t  i n  terms o f   spu r ious   coun t s .  The shape   o f   t he   pu l se ,  i t s  occur- 
rence and ampli tude w i l l  b e  s i m i l a r  t o  t h e  e l e c t r o n  i n i t i a t e d  p u l s e  f o r  
these  charge  s torage  mechanisms.  
"_ 
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